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ABSTRACT

Polychlorinated biphenyls (PCBs) are a class of environmentally persistent halogenated organic
compounds that were once used as stabilizers to improve the properties of a variety of materials
such as lubricants, heat transfer fluids, paints, and caulking materials. PCBs are also capable of
migration through processes such as spillage into soils, leaching into groundwater, and
volatilization into the atmosphere. Although banned in 1979 over health concerns, PCBs persist
in these materials to this day because they are resistant to biotic degradation and natural
weathering processes. The wide variety of contaminated materials means that many existing
treatment options cannot be used across all media. This research focuses on the adaptation of a
reductive dehalogenation system for dechlorination of PCBs from machine oils, paints, sludges,
and soils. The system utilizes magnesium, glacial acetic acid, and ethanol in order to remove the
chlorine atoms from the biphenyl backbone, which is less toxic and can be broken down
biotically.

A treatment plan was devised for machine oil contaminated with PCBs, involving sorption of
PCBs onto a column of super activated alumina followed by desorption into hexane and
treatment of the hexane with magnesium and acidified ethanol to dechlorinate the PCBs. In a
small-scale study, 98.5% of PCBs from an oil sample were sorbed to the column, and the PCBs
that were subsequently desorbed were dechlorinated to below detectable levels within one day of
magnesium and acidified ethanol treatment. Information from small-scale studies was used to
design larger sorption columns intended for use at a field site.
iii

A field study was conducted to compare the effectiveness of two different treatment system
pastes at removing PCBs from painted surfaces. These pastes were formulated with bulking and
viscosity control agents in order to cling to vertical surfaces, and contained either acidified
ethanol and magnesium (Activated Metal Treatment System, AMTS) or acidified ethanol only
(Non-Metal Treatment System, NMTS). AMTS was capable of 64.8% average removal of PCBs
from paint, while NMTS demonstrated 89.5% average removal but required a second step to
dechlorinate the extracted PCBs. This system allows for treatment of surfaces without
demolishing the structure. AMTS was also studied for in situ dechlorination of PCBs in soils,
and NMTS enclosed in a polyethylene barrier was studied for extraction of PCBs from sludges.

A two-step system was devised for the ex situ treatment of PCB-contaminated soils. Solvent
extraction with ethanol or an ethanol/ethyl lactate cosolvent is followed by dechlorination using
magnesium and glacial acetic acid. Studies included the optimization of extraction solvent,
cosolvent ratio, cost, and reuse of magnesium or extraction solvent. Surface analysis of
magnesium particles used in dechlorination showed a precipitate occluding part of the surface,
which was thought to be a combination of magnesium ethoxide and magnesium hydroxide. This
precipitate is thought to come from the reaction of magnesium ethoxide formed during the PCB
dechlorination process with pore water extracted from the soil.
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CHAPTER ONE: GENERAL INTRODUCTION

Polychlorinated Biphenyls

Structure and Naming

Polychlorinated biphenyls (PCBs) are a class of anthropogenic, recalcitrant halogenated organic
compounds consisting of a biphenyl molecule with between one and ten chlorine atoms
substituted in place of hydrogen. This gives them a general formula of C12H10-nCln where n is the
number of chlorines, and a structure as shown in Figure 1. The varied number and placement of
chlorine atoms gives rise to 209 different possible congeners, which are split into ten classes
known as homologues.1 The congeners within a homologue are isomers of each other, containing
the same number of chlorine substituents; for example, 2,3,3’-trichlorobiphenyl and 2,3,4trichlorobiphenyl are isomers within the tri-chlorinated homologue.

Figure 1: General structure of a polychlorinated biphenyl.

Since there can be up to ten substituted chlorine atoms, IUPAC naming quickly becomes
unwieldy at higher degrees of chlorination. For this reason, an alternate numbering system was
proposed by Ballschmiter and Zell in 1980, listing each congener in ascending IUPAC order
1

from 2-chlorobiphenyl (PCB 1) to 2,2’,3,3’,4,4’,5,5’,6,6’-decachlorobiphenyl (PCB 209).2 Under
this system, the 2,3,3’-trichlorobiphenyl and 2,3,4-trichlorobiphenyl mentioned previously would
be referred to as PCB 20 and PCB 21, respectively. This “BZ number” system does not readily
convey information about the homologue to which a given congener belongs, but it does provide
a simple way to specify a particular congener and as such has been widely adopted.3

Synthesis, Properties, and Industrial Uses

Polychlorinated biphenyls are not found in nature, and their synthesis was first reported in 1881
by Schmidt and Schultz.4 Biphenyl, the starting material, can be found in crude oil in small
quantities (approximately 0.002% to 0.003%),5 but its high cost meant that large-scale PCB
synthesis did not begin until circa 1929, when a technique was developed to produce biphenyl by
passing benzene through molten lead.1, 6 A cost-effective method of manufacturing PCBs was
devised in which chlorine was bubbled through a mixture of melted biphenyl and iron filings.6
Control of reaction times and conditions yielded characteristic mixtures of congeners with a
given total percent chlorine, often known in the United States by the Monsanto trade name
Aroclor followed by a four-digit number. The majority of Aroclors were given the first two digits
“12”, Monsanto’s designation for refined PCB products at that time, followed by two digits
indicating the overall weight percentage of chlorine, as in Aroclor 1254, which contains 54%
chlorine.1

2

All PCBs are very thermally and chemically stable, with low vapor pressure, flammability, and
electrical conductivity.3 Modification of the weight percentage of chlorine by changing synthetic
conditions allowed for tuning of the Aroclor mixture’s physical properties, optimizing it for a
specific application. Viscosity in particular is correlated with increasing percentage of chlorine,
from Aroclor 1219 which has a viscosity similar to that of water, to Aroclor 1268 which is a
solid powder.7 Specific gravity and boiling point show similar trends. These favorable, tunable
properties led to use of PCBs as stability-enhancing additives in a variety of media such as
polymers, paints, varnishes, lubricants, and caulking materials, and as dielectric fluids in
capacitors and transformers.1, 3

Toxicological Effects and Ban

Although initially promising in their applications, by the 1960s PCBs had come under scrutiny as
an environmental hazard. PCBs have been implicated in a number of adverse health effects
including liver damage, lowered immune system, endocrine disruption, and higher incidence of
cancer,8 although there is some debate in the scientific community about applicability of animal
studies to humans.9 In one of the most famous cases of accidental PCB release, a condition called
“Yusho”, or “rice oil disease”, struck residents of Kyushu, Japan in 1968. The cause was found
to be ingestion of rice bran oil that had been contaminated with up to 2000 ppm of Kanechlor, a
PCB technical mixture containing 48% chlorine, due to leakage from heat transfer pipes.10 The
approximately 1800 patients suffered from effects ranging from chloracne, abnormal
discoloration of nails and skin, limb numbness, and stunted growth in children10 to increased
3

incidence of cancer later in life.11 Toxicity in this incident was exacerbated by the fact that
thermal degradation of the PCBs in the heat transfer fluid had caused some formation of the
more acutely toxic polychlorinated dibenzofurans (PCDFs).11

The molecular structure of PCB congeners is also key to understanding their differing toxicities.
The biphenyl skeleton of a PCB is capable of rotation along the carbon-carbon single bond
between the two aromatic rings. X-ray crystallographic studies have established that while the
most stable conformation for all PCBs is for the two rings to be “twisted” with respect to each
other and thus noncoplanar, the average planarity of the molecule increases as the steric
hindrance at the ortho (2, 2’, 6, and 6’) positions is decreased.12 While more highly chlorinated
congeners are generally more toxic, the highest toxicity is found in congeners with meta and
para substituents but without ortho substituents.13 These congeners are most capable of
assuming a coplanar conformation that mimics the structure of 2,3,7,8-tetrachlorodibenzo-pdioxin,14 which is extremely environmentally toxic and is used as a standard for comparison for
related halogenated organic compounds such as PCBs and PCDFs.15 The structures of
representative PCB, dibenzo-p-dioxin, and PCDF molecules are shown in Figure 2.

Figure 2: From left to right, representative PCB, dibenzo-p-dioxin, and PCDF molecules.

4

Due to rising concerns, Monsanto began reducing PCB production in the United States in 1970,
gradually switching to lower percent chlorine Aroclors until 197616 and ceasing new production
altogether in August 19771, 8b in order to comply with the 1976 Toxic Substances Control Act
(TSCA).17 In May of 1979, the U.S. Environmental Protection Agency (EPA) enacted an
outright ban on domestic PCB manufacture.18 Other countries continued to synthesize PCBs until
at least the 1980s, although only small amounts are being produced for use in research at the time
of this writing.1 However, the persistence of PCBs in the environment means that cessation of
manufacture alone did not eliminate the health hazard.

PCBs in the Environment

The variety of uses for PCBs led to many different ways in which they could enter the
environment. Volatilization and incomplete incineration led to releases into the atmosphere, and
they also entered water and soil through leaks from transformers or heat exchangers, and
leaching from landfills containing PCB-contaminated scrap, plasticized products, lubricants, or
capacitors.8b, 19 Leaching from buildings containing PCB-laden caulking material has also been
found to be a source of contamination in soil. In 2004, Herrick, et al encountered PCB
concentrations as high as 34 mg/kg in soil surrounding circa 1960s-1970s buildings with
undisturbed caulking material.20 Like all persistent organic pollutants (POPs), they are resistant
to breakdown within the atmosphere, so repeated volatilization, association with atmospheric
particles, and re-deposition have spread them across great distances.21 Advances in gas
chromatography in the 1950s and 1960s allowed for the detection of low concentrations of
5

halogenated organic compounds. While searching for pesticide residues in extracts from wildlife
in 1964, Jensen et al encountered residues that were later found to be PCBs. Further work
established that PCBs will bioaccumulate up the food chain, especially in the case of more highly
chlorinated congeners.22 They are highly lipophilic, so consumption of food animals that live in
contaminated environments leads to accumulation of PCBs in the fatty tissue of humans and
other apex predators, even over 30 years after PCB manufacture was halted.21, 23

Degree of chlorination plays a key role in the environmental fate of PCBs, due to differences in
volatility and solubility. Less highly chlorinated congeners have been found to be more easily
broken down by aerobic bacteria24 or metabolized by higher organisms13 and have lower toxicity
in general than their more highly chlorinated counterparts,25 although their higher volatility7, 26
makes them more likely to migrate within the atmosphere. The penta- to hepta-chlorinated
congeners are the most severe bioaccumulators, as these are less readily metabolized and were
key components of commonly used Aroclors.26 The octa- through deca-chlorinated congeners are
less bioavailable because they associate strongly with soils and sediments.12a

Current Remediation Methods for PCB-Contaminated Materials

Under EPA regulations, materials containing PCBs at a concentration of 50 parts per million or
above are considered “unauthorized-use” materials and must be removed from a site and/or
decontaminated if possible.18 This includes both PCB-containing fluids and solid wastes such as
plastics, dried paint, and building debris. PCBs can be present at a site in many forms, from
6

sealed transformers improperly disposed of in a municipal landfill to contaminated sediment in a
waterway. Different remediation options are available depending on the nature of the material to
be treated, including approved landfilling, incineration, capping, monitored natural recovery
(MNR), and bioremediation. Other techniques of interest include solvent extraction and direct
chemical processes.

Landfilling is a treatment option for PCB-contaminated solid waste, but costs are high as space
in TSCA-approved landfills is at a premium. Landfilling also relocates the problem rather than
destroying the contaminant. Incineration can be used in the case of both liquid and solid wastes,
but low-temperature (1200 ºC or less) combustion of PCBs can lead to the production of more
toxic dibenzo-p-dioxins and PCDFs as a side product.1, 27 Facilities for high-temperature
incineration are limited and require higher fuel consumption, which both lead to increased
costs.21, 27 Both landfilling and incineration are ex situ processes that may follow on-site steps
such as building demolition, excavation of soil, or dredging of sediments, which carry their own
risks of further PCB mobilization through volatilization28 or disruption of the surrounding
environment.29 Other considerations include cost and availability of appropriate transportation of
materials to the landfill or incinerator.30

Capping and MNR are suitable for the management of contaminated soils and sediments in areas
where ex situ methods would lead to unacceptable disruption of the environment or mobilization
of PCBs. Capping, the containment of PCBs or other contaminants in a sediment by placement
of a covering of an inert substance, seeks to prevent any further contamination of the water
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column. This technique is best applied in small contiguous areas with little groundwater flow, so
that the cap will not be compromised.31 MNR is the practice of leaving an area undisturbed so
that natural processes such as weathering and bioremediation can reduce the contaminant load or
transform it into less harmful forms over time. It is not particularly well suited to extremely
persistent compounds such as PCBs, but may be a preferable choice in unique, delicate
environments that would be destroyed by dredging, excavation, or capping.31 As they take place
in situ, both capping and MNR are cost effective, but they must be maintained over a longer time
scale than other methods.

Bioremediation, or degradation in situ using microbial agents, has been investigated with regards
to PCBs and other halogenated organic compounds in soils and sediments. Strains of aerobic
bacteria have been shown to oxidatively dechlorinate congeners with five chlorines or fewer,
preferentially affecting less chlorinated congeners.32 Aerobic bacteria are present within only the
first few millimeters of sediment depth, after which the environment becomes anaerobic. Some
strains of anaerobic microbes are capable of reductive dechlorination of more highly chlorinated
congeners, although preferential removal of meta and para chlorines often leads to incomplete
dechlorination.32 However, the fact that ortho chlorines are usually removed last implies that
formation of dioxin-like non-ortho-substituted PCBs is unlikely.
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Solvent Extraction

As well as playing a vital role in analytical methods such as many of those listed in the EPA SW846 document,33 solvent extraction has been investigated as a large-scale ex situ technique for
removal of PCBs from soil. As a general process, it can be used to remove PCBs from almost
any material provided that PCBs have a higher affinity for the solvent than for their current
substrate, and that the solvent can be separated from the substrate once extraction is complete.
Hydrophobic solvents such as hydrocarbons and halocarbons provide the best PCB solubility,
especially in the case of more highly chlorinated congeners that tend to associate strongly with
soils,12a but the use of these solvents is environmentally problematic due to flammability and
toxicity concerns. The kinetics of PCB extraction may also be hindered by the inability of these
solvents to access water-filled pore spaces within the soil particles.34 The CF Systems® process
involves extraction of PCBs from soil into liquid propane. This is performed in 100-lb batches,
using 150 lb of solvent at a time, which requires a large high pressure reactor to maintain the
propane in a liquid state.35 The propane is separated from the soil, then allowed to vaporize,
leaving behind the extracted PCBs for collection. The propane gas is recondensed for use in
subsequent extraction cycles. This method was shown to be up to 99% effective in remediating
soil with a starting PCB concentration of 260 mg/kg using three treatment cycles.35 This
technique reduces the volume of contaminated material but does not in and of itself destroy
PCBs, so a secondary technique such as incineration or chemical dechlorination must then be
used.
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More hydrophilic solvents are able to combine with the water that has entered the pore spaces
and achieve a larger contact area. These solvents also tend to be considered more
environmentally friendly, as fewer of them are aromatic or halogenated compounds. A variety of
different hydrophilic solvents have been investigated for PCB extraction from soils, including
acetone,34 methanol,34 neutral isopropanol,34, 36 and alkaline isopropanol.36 The TerraKleen
Response Group, Inc. has used a proprietary water-soluble, non-halogenated solvent to extract
PCBs from soil on a ton scale, reducing PCB concentrations in contaminated soil by 98.8%.37
The solvent is then filtered away from the soil, purified, and returned to use. This method avoids
the cost and safety concerns of using a pressurized reactor. Vacuum treatment and
biodegradation are used to remove any solvent residue from the soil, and the PCB-laden solvent
is sent off-site for secondary treatment.37

Direct Chemical Processes

Direct chemical treatments for the dehalogenation of persistent halogenated organic pollutants
include both oxidation and reduction processes that take place when chemical amendments are
added to contaminated material. In most cases, in situ treatments are sought in order to avoid the
additional cost and hazard of transporting contaminated material to the treatment site. In situ
chemical oxidation (ISCO) commonly involves the delivery of an oxidant such as potassium
permanganate,38 Fenton’s reagents based on hydrogen peroxide with catalytic ferrous sulfate,39
sodium persulfate,40 or ozone.41 The choice of an appropriate chemical agent is key to ISCO
applicability at a given site. The lifetime of the reactive species produced by the oxidant can last
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from minutes to hours (Fenton’s reagents, ozone), hours to weeks (sodium persulfate), or even
for over three months (potassium permanganate).42 However, not all oxidants are equally suited
to PCB dechlorination. Although potassium permanganate has shown to be an effective
treatment for contaminants such as perchloroethene (PCE)38b and trichloroethene (TCE),38 there
is debate about its ability to dechlorinate PCBs.42 A similar controversy surrounds the use of
iron-catalyzed hydrogen peroxide.43 Under high pH conditions or in soils containing too much
iron, hydrogen peroxide will be decomposed into oxygen and water rather than forming the
hydroxyl radical that is key to its effectiveness.44 These Fenton’s reagents have also been
implicated in volatilization and re-distribution of contaminants42 as well as gas production in
soil, excess heat production, and explosions.44 Ozone oxidation has been shown to successfully
remove chlorine atoms from PCBs and cleave the aromatic rings to produce various organic
acids, including formic and oxalic acids.41 However, ozone is such a strong oxidant that it must
be generated and compressed on site and injected using oxidant-resistant equipment.42 Sodium
persulfate is capable of dechlorination and mineralization of mono- to tri-chlorinated PCB
congeners at temperatures between 10-40 ºC, although the extent of transformation is dependent
on congener identity and extent of chlorination.40 Sodium sulfate is more expensive and less
stable in the subsurface than potassium permanganate, as such its use to date has been primarily
on a smaller scale.42

Reductive dechlorination is a well-tested technology for the dehalogenation of HOCs. These
processes require a proton donor, such as water or another protic solvent, and a strong reductant,
which is often a transition metal, alkali metal, or alkaline earth metal. Nyer and Vance suggest
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three pathways by which reductive dechlorination can take place, either singly or in conjunction
with each other.45 The halogenated compound may of course be reduced directly at the surface of
the metal, as shown in Equation 1. In some cases, such as that of iron, an oxidized form of the
metal can continue to reduce the HOC, although the kinetics of this reduction are very slow.
Another possibility is the generation of hydrogen gas at the surface of the metal due to reaction
with water or another solvent, followed by HOC reduction by hydrogen, which may require the
presence of a catalyst (Equations 2a and 2b).45 In the following equations, ArX is a common
representation for PCBs and other halogenated aromatic compounds,46 while M represents the
metal reductant. The exact mechanism of reaction is dependent on the reductant identity, and
reaction conditions, as well as the solvent system.47

-

(1)

-

(2a)
-

(2b)

PCB congeners with more chlorine substituents have more positive reduction potentials,46, 48
causing reduction of the more highly chlorinated congeners to be thermodynamically favored
and those congeners to therefore be dechlorinated more rapidly.49 The dioxin-like non-orthosubstituted PCBs also have more positive reduction potentials, and resistance to chlorine removal
by position follows the pattern ortho > meta ≥ para when conducted in water.50 Thus, direct
chemical reduction tends to produce less toxic PCBs, as the ortho position is the most difficult to
dechlorinate.
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Zero-valent iron particles have shown great promise as a reductant of chlorinated aliphatic
solvents such as PCE and TCE when incorporated in permeable reactive barriers (PRBs).51 PRBs
are a passive technology in which the active media is placed in the path of groundwater flow in
the area of a contaminant plume, such that the “downstream” flow is remediated.51a However, the
low water solubility and strong soil sorption of most of these HOCs suggest that release to water
from sediment will be slow and the reductant must remain active over a long time period,52
extending cleanup time and monitoring costs.53 Iron has also been employed on a field scale as
an emulsion, with success in dehalogenating chlorinated aliphatic solvents at several full-scale
remediation sites.54 However, PCBs present a special challenge to dechlorination because of their
aromatic nature. Microscale zero-valent iron at ambient temperature and pressure was seen to
have very slow reaction kinetics, so Yak et al used a heated, pressurized reactor in order to
dechlorinate Aroclor 1260 in water with microscale zero-valent iron at 250 ºC and 10 MPa.50 In
order to increase the reactivity of zero-valent iron, catalysts such as palladium are often added.
Using a palladium catalyst on iron, Grittini, et al completely dechlorinated both Aroclor 1254
and Aroclor 1260 to biphenyl in a methanol/water/actone solution within 10 minutes under mild
conditions.55 The palladium catalyst is thought to act as a hydrogen adsorbent in order to bring
the PCBs sorbed to the metal particle surface into proximity of the hydrogen produced by
oxidation of the iron,55 for reduction as suggested by Nyer.45
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Reductive Dechlorination Using Zero-Valent Magnesium

Magnesium is another strong choice for reductive dechlorination of PCBs. Unlike iron,
magnesium forms a self-limiting oxide layer on its surface, meaning that oxidation stops once
the surface is occluded by the oxide rather than continuing to eat away at the particle until it has
entirely oxidized.56 This allows for a longer particle lifetime and more resistance to aerobic
conditions. The reduction potential of magnesium is also considerably more negative than that of
iron, at -2.2 V vs. standard hydrogen electrode (SHE) and -0.44 V vs. SHE, respectively.57 Many
studies have been carried out that demonstrate that magnesium is capable of dechlorinating PCBs
when used in conjunction with a palladium catalyst.47, 56a, 57-58 However, the use of palladium
brings with it some practical concerns. Palladized magnesium can be synthesized on a gram scale
using ethanol, magnesium powder, and potassium hexachloropalladate,56a but small batch size
would soon become a barrier to applications on a larger scale. Alternatively, procedures have
been optimized at the University of Central Florida (UCF) for the mechanical ball-milling of 85
grams of bimetal at a time using 76 grams of magnesium powder and 9 grams of 1% palladium
on carbon.58a However, even with higher production, the cost of palladium is significant. At
current market prices, 1% palladium on carbon costs at least $2.94 per gram when bought in
large quantities,59 meaning that it costs $26.46 for the palladium on carbon used to make an 85gram batch of bimetal. In contrast, magnesium powder can be purchased commercially in bulk
for as little as $15 per pound.60 Inclusion of a heavy metal in the reaction system also raises
concerns of fate and proper disposal or recycling from any possible in situ applications. Because
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of these concerns, researchers have focused on optimization of reaction conditions in order to be
able to eliminate the need for palladium.

Maloney, et al at the University of Central Florida devised a degradation method involving
microscale zero-valent magnesium powder in an alcohol solvent with a carboxylic acid
activator.61 The magnesium was ball-milled in order to homogenize the magnesium particle
surface. Extensive testing revealed optimum reaction conditions to be close to 0.25 g of ballmilled magnesium, 5 mL of absolute ethanol solvent, and 50 µL of glacial acetic acid as a metal
activator. This combination was shown to be capable of completely dechlorinating PCB 151 at
concentrations as high as 50 µg/mL.61 This method was also shown to be effective for
dechlorination of Aroclors both in neat ethanol solutions and in treatment of specially designed
extraction media.62

Dissertation Objectives

The goal of this research is to develop and optimize coupled processes for the extraction and
dechlorination of polychlorinated biphenyls from a variety of media representative of some of
the major types of PCB contamination in the environment. These processes will pair specialized
extraction conditions tailored to the specific medium with a magnesium and acidified alcohol
degradation system common to all extracts. The studies included here have the following
objectives:
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Develop custom extraction methodology for PCB-contaminated machine oils coupled
with dechlorination



Report on scale-up of this technology for small project use



Expand upon current methods for PCB extraction and dechlorination from paint by
conducting a field study



Compare effectiveness of one-step and two-step processes for paint treatment



Discuss extraction of PCBs from soils and sludges through a polyethylene membrane



Develop and optimize soil washing procedures followed by dechlorination



Examine tolerance of dechlorination reaction for solvents left over from extraction



Improve sustainability and cost effectiveness of treatments by recirculation or reuse
processes wherever possible, report extent of enhancement



Explore reasons behind magnesium surface passivation



Suggest further directions for elucidation

16

CHAPTER TWO: MATERIALS AND COMMON METHODS

Materials

Neat standards of PCBs were purchased from AccuStandard (New Haven, CT). Absolute
ethanol, toluene (Optima®), hexanes (Optima®), iso-octane (HPLC grade), light mineral oil,
glycerol (laboratory grade), potassium permanganate (Certified ACS ), sulfuric acid (Certified
ACS Plus), calcium stearate (powder, technical grade), and polyethylene glycol 8000 (Carbowax
powder) were purchased from Fisher Scientific (Pittsburgh, PA). Ethyl lactate (97%), d-limonene
(stabilized, technical grade 95%), and glacial acetic acid (≥99.8) were acquired from Acros
Organics through Fisher Scientific. Activated carbon and silica gel (Grade 28, 20-40 mesh) were
obtained from Matheson Coleman & Bell (Gardena, CA). Super activated alumina (acidic,
Brockmann I) was acquired first from Alltech Associates, Inc. (Deefrield, IL) and then from
Sigma-Aldrich (St. Louis, MO). Florisil® magnesium silicate (100-200 mesh) was also
purchased from Alltech Associates. Alumina C was obtained from Dynamic Adsorbents, Inc.
(Norcross, GA). Granular carbon was removed from a 3M 60921 P100 respirator cartridge,
which was purchased commercially. Magnesium powder with a particle size of 2-4 µm was
purchased from Hart Metals, Inc. (Tamaqua, PA). Granular magnesium (80-200 mesh, 51%
turnings) was purchased from Skylighter, Inc. (Round Hill, VA). Kaolinite (natural) was
purchased from Fluka Analytical through Fisher Scientific. Sodium polyacrylate was purchased
from Aqua Solutions (Deer Park, TX). “Dennyfoil” aluminum-backed paper vapor barrier was
purchased through Denny Sales Co. (Pompano Beach, FL). Kubota Super UDT hydraulic fluid,
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denatured alcohol, vegetable oil, 3 mil polyethylene sheeting, Nashua® aluminum tape,
KolorScape paver sand, and Lambert peat moss were purchased commercially. Alphagaz™
nitrogen and helium gases for use with GC-ECD were obtained from Air Liquide (Orlando, FL).

Common Methods

The following are methods that are common to the analyses performed in this work. Specialized
techniques will be described within the chapters to which they pertain. The term “ethanol” in this
text refers to absolute ethanol unless otherwise specified.

Ball-Milling of Magnesium

Prior to use in dechlorination of PCBs, the surface of the magnesium powder is regenerated by
mechanical ball-milling in order to provide a less oxidized, more uniform surface. This
procedure is based on a larger-scale ball-milling process that was previously optimized at the
University of Central Florida for the production of Mg/Pd bimetallic particles.58a Canisters were
made from galvanized steel pipe (7.03 cm length by 5.03 cm inner diameter) with screw-on steel
endcaps. Before magnesium preparation, the canisters were cleaned with ethanol, rinsed with
acetone, and allowed to dry thoroughly. Sixteen stainless steel ball bearings (16 mm diameter)
were placed into each canister. To each canister was added 85 g of magnesium powder, which
was then blanketed with argon prior to closing the canister in order to prevent sparking. The ballmilling apparatus, a Red Devil 5400 twin-arm paint shaker, was equipped with specially
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fabricated wooden plates to hold up to three canisters in place per side. If only one canister of
metal was needed, an empty canister was put into the other side in order to balance the machine.
The ball-mill was run for 30 minutes, after which the metal was removed. The canister and ball
bearings were cleansed by adding ethanol and shaking on the ball-mill for a further 10 minutes.

Extraction of PCBs from Solid Materials

All solid materials containing PCBs were crushed or cut into pieces as small as possible, then
allowed to air dry. Into a 20-mL glass screw-top vial with a polytetrafluoroethylene (PTFE)-lined
cap was added 1.00 g of sample and 10 mL of compatible solvent (most often toluene or ethanol,
depending on the material). The vial was then capped and the sample extracted using an
Aquasonic Model 750D ultrasonic bath for 90 minutes as per EPA Method 3550C (Ultrasonic
Extraction).33 After extraction, the sample was decanted into a 15-mL screw-top centrifuge tube
with a PTFE-lined cap and centrifuged at 3140-3300 rpm for five minutes. At this point the
supernatant was removed. PCB extracts in toluene and other solvents compatible with GC-ECD
were washed once with water and prepared for analysis as described later in this chapter. PCB
extracts in ethanol and other hydrophilic solvents were either utilized in dechlorination or
extracted over into toluene for clean-up and analysis. All samples were prepared in duplicate
unless otherwise indicated.
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Dechlorination of PCBs in Solvent with Magnesium and Acetic Acid

Many studies discussed herein involve the reductive dechlorination of PCBs within a solvent
using ball-milled magnesium and glacial acetic acid. In most cases, this solvent was ethanol or
contained a large percentage of ethanol, but attempts have been made to utilize other solvents as
well. To a 20-mL glass screw-top vial with a PTFE-lined cap was added 0.25 g of ball-milled
magnesium powder. This was followed with 4.95 mL of solvent containing PCBs and 50 µL of
glacial acetic acid. The vial was capped and allowed to shake on a Cole-Parmer 51703 Series
reciprocating shaker table at 168 oscillations per minute for the desired reaction time. All
samples were prepared in duplicate unless otherwise indicated. Any remaining PCBs were then
extracted from the solvent as detailed below.

Extraction of PCBs from Hydrophilic Solvents into Toluene

In order to extract PCBs from ethanol or other hydrophilic solvents such as ethyl lactate, 5.00
mL each of solvent and toluene were combined in a vial. In the case of solvent from the PCB
dechlorination described above, 5.00 mL of toluene was added directly to the vial. The vial was
then shaken vigorously by hand for 2 minutes, after which 4.00 mL of the solution was pulled up
into a glass syringe through a Whatman® Puradisc 0.45-µm nylon syringe filter. The filtered
solution was then transferred into a 15 mL centrifuge tube, to which was then added 2.00 mL of
deionized water to facilitate separation of organic and aqueous phases. The tube was capped and
shaken for 15 seconds to obtain adequate mixing. The extract was then centrifuged at 3140-3300
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rpm for 5 minutes for ethanol-based samples, or 20 minutes for samples containing 25% or more
ethyl lactate. In the case of incomplete phase separation or large amounts of precipitate
formation, a second water wash was performed. The supernatant was then removed and prepared
for analysis as described below (for extracts from environmental samples), or analyzed directly
(for PCBs in pure solvents).

Extract Preparation for Analysis

Extracts of PCBs in toluene, hexane, or oils were subjected to a 1:1 volume ratio sulfuric acid
clean-up followed by a 1:1 volume ratio potassium permanganate clean-up as per EPA Method
3665 (Sulfuric Acid/Permanganate Clean-Up).33 For extracts from oils, the sulfuric acid clean-up
was used alone due to reaction between the oil and the potassium permanganate, and was
repeated once more in order to minimize poor resolution on GC-ECD. Extracts from soils were
subjected to a further 1:1 volume ratio sulfuric acid clean-up and a 1:1 volume ratio wash with
5% sodium bicarbonate solution.

PCB Analysis and Quantitation via Gas Chromatography-Electron Capture Detector

Samples were diluted as appropriate and analyzed using a Perkin-Elmer Autosystem GC
equipped with an electron capture detector and an autosampler. Oil treatment studies were
performed using a 30 m Restek Rtx®-5 column (Crossbond, diphenyl 5%, dimethylpolysiloxane
95%, 0.25 mm I.D., 0.25 µm df). The remainder of studies were performed using a 30-m
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Phenomenex Zebron Inferno® ZB-5HT column (phenyl 5%, dimethylpolysiloxane 95%, 0.25
mm I.D., 0.25 µm df) in order to improve column temperature resistance. The injector
temperature was set at 275 ºC and the detector temperature was set at 325 ºC throughout the
entire run. The oven temperature was held at 120 ºC for 1 min and then ramped at 20 ºC/min to
200 ºC, then at 10 ºC/min to 270 ºC, then at 20 ºC/min again until reaching 300 ºC. The makeup
gas was Alphagaz™ nitrogen supplied at a rate of 30 mL/min, and the carrier gas was
Alphagaz™ helium supplied at a constant pressure of 15 psi. PCB concentrations were
quantified as per EPA Method 8082A (Polychlorinated Biphenyls by Gas Chromatography).33 In
accordance with this method, a single peak area was used to determine single congener
concentrations, and Aroclor concentrations were determined by taking the sum of the five or six
largest and most clearly defined peaks, depending on which Aroclor was present. In cases where
more than one Aroclor was present, Aroclor concentrations were determined separately and then
added to obtain a measure of total PCB concentration.
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CHAPTER THREE: TREATMENT OF PCBS FROM MACHINE OIL

Introduction: PCB Removal from Oils

The inclusion of PCBs as stabilizers in transformer and lubricating mineral oils naturally leads to
the need for disposal methods for these materials. Traditionally, when contamination is detected
within an electrical or mechanical system, the oil is drained and disposed of directly by
incineration, the drawbacks of which have previously been discussed. Therefore, methods have
been sought to either degrade PCBs within the oil itself or isolate them from the oil by
extraction.

PCB Degradation Within the Oil Matrix

Several studies have been conducted using a combination of potassium hydroxide and
polyethylene glycol at elevated temperatures to dechlorinate PCBs in transformer oil and
produce aryl polyglycols,30, 63 and large-scale continuous processes have been proposed.63a As in
other reductive dechlorination processes, more highly chlorinated congeners are dechlorinated
preferentially, and lower chlorinated congeners are more difficult to remove.30, 63d The properties
of the matrix oil have a strong effect of extent of dechlorination, as well as the presence of any
additives, detergents, or water.63b Another reductive dechlorination process involves the use of
sodium hydride enhanced by transition metal catalysts under argon, which has shown to be
capable of 99.9% dechlorination of PCBs.27 However, the ruggedness of this procedure would
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need to be increased for scale-up, and the use of sodium hydride could prove difficult or even
hazardous in oil that has taken on water. A different treatment system involves irradiation of oil
with an electron beam accelerator.64 Higher irradiation energy produces more PCB destruction,
but long-chain hydrocarbons are also degraded by this process. Combination of their degradation
products with the chloride ions from PCB dechlorination is thought to be the source of
chlorinated aliphatic compounds found in the effluent.64

PCB Extraction from Oils

Various methods have been developed for the extraction of PCBs from oils, many of which
involve sorption of PCBs to a solid phase. Since PCBs are so hydrophobic, they are difficult to
separate from oils, and the extent of separation will depend on the oil’s properties. Kawashima et
al used supercritical carbon dioxide to remove 70-90% of PCBs from fish oil, but a substantial
amount of the oil was also extracted, necessitating further cleanup with activated carbon to
remove the oil.65 Tests have been conducted to examine PCB sorption to low-density
polyethylene packing material, but extraction from vegetable oils was not possible by this
method due to the much higher affinity of PCBs for the vegetable oil over the packing material.66
In the case of insulating oils, lightly chlorinated PCBs were shown to be completely extractable
by γ-cyclodextrin with a channel geometry under ambient conditions. However, this was
conducted in small batches and was less effective for sterically bulky more highly chlorinated
congeners (≥4 chlorines).67
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Sorption of PCBs from transformer oils onto chromatographic materials has also been examined.
Adsorption to carbon has shown good efficiency for lower chlorinated congeners such as those
found in Aroclor 1240,68 which should contain primarily di- to tetra-chlorinated congeners based
on its similarity to Aroclor 1242.69 However, extraction efficiencies for more highly chlorinated
congeners were much lower.68 Other effective methods for PCB cleanup and analysis from oils
involve alumina,70 silica gel,70a, 71 or Florisil®.72 Within EPA Document SW-846 (Test Methods
for Evaluating Solid Waste, Physical/Chemical Methods), sorption to these materials is covered
in methods 3610B (Alumina Cleanup), 3620C (Florisil Cleanup), and 3630C (Silica Gel
Cleanup), respectively.33

Overview of Project

Site Description

The University of Central Florida (UCF) was put in contact with personnel at a metalworking
and shipbuilding site in the Greater Tokyo area of Japan. Due to the age and specialization of the
facility, PCB-stabilized oil was used in several metalworking machines at that site. Production,
use, and importation of PCBs has been banned in Japan since 1972,73 but at that time the
government did not provide facilities for PCB disposal. Privatization of PCB treatment was not
successful because citizens living near proposed treatment sites strongly opposed these efforts
due to health and environmental concerns. Holders of PCB-contaminated waste were forced to
store it until treatment options became available. It was not until 2001 that the Japanese
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government enacted laws that specified a timeline requiring that these wastes be disposed of by
2016.73a The Japan Environmental Safety Corporation (JESCO) constructed four PCB disposal
facilities around the country from 2004 to 2008, and a fifth is slated to begin operations in June
of 2013. The JESCO action limit for PCBs in waste oil is 0.5 mg PCB per kg of oil, so there is a
definite interest in further developing treatment technologies.73a Personnel at the Japanese
shipbuilding site agreed to send samples of PCB-contaminated oil from on-site machinery to
UCF for the testing and design of a prototype treatment system.

Treatment Requirements

Workers at the site had previously drained and disposed of PCB-contaminated oil from several
machines. The machines were refilled with non-PCB replacement oil and allowed to run for a
period of time, after which the concentration of residual PCBs in the new oil was measured.
Multiple treatments of this type were unsuccessful at bringing the PCB concentration down to
below the local action limit, so a new treatment method was being sought. It has been shown by
Kanbe and Shibuya that transformer equipment can be cleaned by washing with organic solvents
under pressure, but this requires dismantling and creates a large solvent waste stream.73b While
the machines present at this site do not contain the same wood and paper porous components as a
transformer, and would thus be more easily treated by washing, dismantling of the equipment
was not desired and the production of a further waste stream at this point was not acceptable.
Thus, methods were sought that could involve treatment and recirculation of the oil that was
currently inside of the machines, because removal of residual PCBs from surfaces inside the
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machine would require the machines to be run through a duty cycle. Thus, samples of oil were
sent to UCF for analysis and treatment design.

Analysis of Field Samples

Four samples of PCB-contaminated oil were sent to UCF from Japan: first two 40-mL vials and
then two 500-mL jars. The first two samples were viscous and a dark red color. These samples
were prepared and analyzed as described in Chapter Two. They were found to be contaminated
with Aroclor 1260, at a concentration of 8.95 mg/L and 7.07 mg/L respectively. Given that the
total volume of these samples was below 100 mL, more samples were requested for
experimentation and analysis. The second two samples appeared to be from a different piece of
equipment, as they were yellow and much less viscous. They are thought to have come from a
piece of planing equipment that had at one point contained oil with at least 1.3 mg/kg PCBs.
These were also found to be contaminated with Aroclor 1260, but GC-ECD analysis showed a
concentration of only 0.16 mg/L for these samples, so it is possible that previous treatments had
amended the concentration somewhat. These two samples were combined in order to provide
enough material for experimentation, and will be referred to in the following sections as planing
oil.
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Methods

The following experimental methods are unique to the experiments conducted in this chapter.
Common methods have previously been covered in Chapter Two and are thus not included here.

Dechlorination of PCBs in Oil

Into a 20-mL glass vial with a PTFE-lined cap was added 0.1 g of ball-milled magnesium
powder. To this was added 1.98 mL of planing oil with 2.5 ng/µL of added Aroclor 1260. Then,
20 µL of a solution of 1% glacial acetic acid in ethanol was added. The vial was capped and
shaken for the desired reaction time and then pulled up into a glass syringe through a Whatman®
Puradisc 0.45-µm nylon syringe filter. The filtrate phases are then separated using water as
detailed in the extraction of PCBs from hydrophilic solvents in Chapter Two, and the sample was
prepared and analyzed as indicated. Varying volume ratios of oil to ethanol were obtained by
increasing the volume of 1% glacial acetic acid in ethanol solution added, and the ratio of
magnesium to total volume was kept constant at 1.0 g of magnesium per 1 mL of solution.

Sorption to Small Columns

A 5-mL, 1 cm diameter glass syringe with the plunger removed was clamped in an upright
position. A small plug of glass wool was inserted into the syringe and tamped down, followed by
3 cm3 of sorbent material. Materials tested include silica gel, Florisil®, activated carbon,
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granular carbon, crushed granular carbon, Alumina C, and super activated alumina. Planing oil
with 1 ng/uL of added PCB 1260 was added to the top of the column and allowed to flow
through the syringe. Influent volume was approximately 6 mL. Eluent volume was 5 mL unless
otherwise indicated. The eluent was collected and prepared for analysis as described in Chapter
Two. The remaining oil in the sorbent material column was blown out the end of the column
using pressurized air. The sorbent material was then collected and the PCBs extracted into
ethanol as described in Chapter Two.

PCB Breakthrough and Ethanol Flush

A 20-mL buret with a sidearm at the top was clamped in an upright position. A small plug of
glass wool was inserted into the buret and tamped down, followed by 7.0 cm3 of super activated
alumina. To this was added 4 mL of toluene to wet and settle the column material. Planing oil
with 1 ng/uL of added Aroclor 1260 was then added to the column through the top of the buret.
The top was covered and gentle air pressure was used to push the oil through the column at a rate
of approximately 1 mL per 12 minutes. The first 4 mL of eluent were discarded as they
corresponded to the toluene that was being pushed out of the column. Twenty aliquots of 1 mL
were collected, then prepared and analyzed as per Chapter Two.

After collection of these aliquots, air was used to blow as much of the oil as possible out the end
of the column. Absolute ethanol was then added to the column at approximately 1 mL per 12
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minutes to desorb the PCBs. Twenty aliquots of 1 mL were collected, then prepared and
analyzed as per Chapter Two.

Testing of Oil Simulant Properties

The viscosity of several simulants for planing oil was tested comparatively. Materials tested
included vegetable oil, light mineral oil, Kubota Super UDT hydraulic fluid, and 1:1 and 1:2
ratios of iso-octane to Kubota Super UDT hydraulic fluid. Approximately 3 mL of simulant was
poured into a petri dish. A glass capillary melting point tube was inverted in the dish and allowed
to sit for two minutes to allow the simulant to rise into the tube. The meniscus height was
measured and heights were compared with that found for the planing oil. For candidates with
similar viscosities to the original oil, Aroclor 1260 was added and the simulant was prepared and
analyzed as in Chapter Two.

PCB Sorption to Large-Scale Column

A column was constructed from rigid white polyvinyl chloride (PVC) pipe, 68 cm long and 10
cm in diameter, with fittings on the ends to reduce the diameter so that tubing could be attached.
Once the bottom fitting was attached with PVC glue and cured, a layer of tightly woven cotton
cloth and a plug of glass wool were tamped into the bottom of the column. The column was then
filled with approximately 5340 cm3 of 150 mesh super activated alumina and the top fitting was
attached with PVC glue and cured. A Cole-Parmer 75211-10 gear pump drive with a Micropump
30

L20561 pump head was attached to a pressure gauge and then connected to the top of the column
using swage fittings and copper tubing. The other end of the pump was attached to tubing that
ran into a reservoir. The bottom end of the column was attached to a needle valve and a length of
Tygon® tubing that could be inserted into the desired collection vessel. Through this column
was pumped a simulant oil consisting of a mixture of two parts iso-octane to one part Kubota
Super UDT hydraulic fluid with 14.5 ng/uL of added Aroclor 1260 at an initial pressure of 30 psi
(206.8 kPa). Aliquots of 30 mL were taken and analyzed until complete PCB breakthrough was
achieved, totaling 9.960 L of effluent. Pumping continued for several days and the needle valve
was closed and the pump shut off when not in use.

Once the sorption was complete, the remaining oil in the column was drained and pushed out
with air, totaling 1.24 L. The column was then detached from all tubing and the top fitting of the
column was cut off. A PVC tube with an inner diameter of 1.27 cm was driven down through the
center of the column in order to remove a core sample, the top 60 cm of which was cut into six
10-cm sections for analysis of the alumina. The alumina from each section was homogenized and
then 3.00 g of alumina was ultrasonically extracted into 3 mL of ethanol for 90 minutes
following EPA method 3550C and then prepared for analysis as in Chapter Two.33 The column
was then agitated to settle the remaining alumina and close the cored area. A new top fitting was
applied, and 2.15 L of ethanol was added to saturate the column. This was allowed to sit for four
days, after which the ethanol was drained and analyzed for PCBs. Alumina was also removed
from the top of the column and extracted to determine the remaining PCB concentration.
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Deactivation of Alumina

A 5-mL, 1-cm diameter glass syringe with the plunger removed was clamped in an upright
position. A small plug of glass wool was inserted into the syringe and tamped down, followed by
5 g of super activated alumina. To this was slowly added 10 mL of solvent (hexanes or ethanol)
such that the column was saturated. Any excess solvent that remained in the column was blown
through using pressurized air. Planing oil with 1 ng/µL of added Aroclor 1260 was then allowed
to flow through the column. The effluent was collected in 5-mL aliquots, then prepared and
analyzed as per Chapter Two.

Initial Studies: Dechlorination of PCBs Within Oil Matrix

The initial treatment plan for the oil from the site in Japan was to develop a flow-through reactor
that would allow for dechlorination of PCBs from oil using magnesium, and recirculation of that
same oil through the affected machine. As such, the first step in treatment was to investigate the
viability of PCB dechlorination from within the oil matrix itself. Studies were performed to test
the amount of solvent (1% glacial acetic acid in ethanol) needed to obtain dechlorination, as seen
in Figure 3.
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Figure 3: Percent reduction in Aroclor 1260 concentrations in planing oil after 1 day of treatment with
magnesium and acidified ethanol.

Studies conducted previously at UCF indicate that a single PCB congener can be completely
dechlorinated within 40 minutes.61 Aroclor degradation is not quite as rapid, but ethanol
solutions spiked with a complex Aroclor mixture have shown at least 45% reduction in
concentration over 3.5 hours, so the 11.4 percent dechlorination seen with 5% by volume of
solvent was not seen as sufficient. PCB reduction of 99.4% was obtained using 50% of the 1%
glacial acetic acid/ethanol solvent. Chromatograms indicated that the Aroclor envelope shifted
towards shorter retention times, which is an indicator of less highly chlorinated products being
produced. The resultant peaks also had lower area counts than those from the original envelope.
While response factors do vary among PCBs of the same homologue, the general trend is that a
higher number of chlorine substituents will produce a larger response via GC-ECD.74 Thus,
Aroclor 1260 had been almost completely dechlorinated and the total PCB load had been
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substantially reduced. Unfortunately, use of this high of a percentage of ethanol would make it
difficult for the oil to be recirculated through the machine. The combination of ethanol and oil
would most likely be flammable and not viscous enough for its intended use, so the ethanol
would have to be removed from the oil prior to reintroduction to the equipment. The ethanol and
oil can be separated using water, but then there is the possibility of water droplets entering the oil
phase, which could corrode the equipment being treated. Rather than pursue different solvent
concentrations, it was decided that a two-step system would be used for extraction and
dechlorination of PCBs.

Optimization of Parameters for Combined Treatment System

A series of experiments were undertaken in order to determine the optimal conditions for a
larger-scale combined extraction and dechlorination system. Sorption to a solid material
followed by desorption into a solvent compatible with our dechlorination system would facilitate
PCB degradation by removing interference from the oil matrix. The absence of oil would also
improve ease of monitoring and analysis, as the high boiling points of lubricating oils make them
difficult to remove from GC columns.71c Provided that the PCBs could be extracted from the
sorbent material into ethanol, dechlorination parameters would also be easier to control.
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Choice of Sorbent Material

The choice of a sorbent material for the extraction portion of the combined treatment system was
critical to obtaining efficient remediation. A variety of different sorbent materials were tested for
their ability to sorb PCBs from the planing oil, including silica gel, Florisil®, activated carbon,
granular carbon, crushed granular carbon, Alumina C, and super activated alumina. When 5 mL
of planing oil with added Aroclor 1260 was passed through a small column containing 3 cm3 of
sorbent, only the Alumina C and the super activated alumina were capable of reducing the
concentration of PCBs in the oil. Concentrations were reduced by approximately 80% in both
cases. Ultrasonication of the used sorbent materials with ethanol was capable of extracting
Aroclor 1260 from the super activated alumina, but not from the Alumina C. Alumina C is
produced by Dynamic Adsorbents, Inc. and marketed as a PCB extraction material.70b As such,
PCBs are bound to it very tightly, making it a less attractive choice for processes that require a
desorption step from the alumina. It was decided that further experiments involving PCB
extraction from oil would use super activated alumina. Concentrations and Aroclor 1260 material
balance data for the super activated alumina are shown in Table 1.

Table 1: Concentrations and mass balance data for Aroclor 1260 in planing oil run through a small super
activated alumina column and in ethanol used to desorb PCBs from the column.

Planing Oil
Baseline
Effluent from
Column
Alumina Extract
in Ethanol

Volume of
Solvent (mL)
6.00

Concentration
(ng/uL)
1.24

Aroclor 1260 (µg)

5.00

0.18

0.90

5.00

1.17

5.83
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7.43

Comparing the input to and output from the system, it can be seen that 7.43 µg of Aroclor 1260
was added to the column while the total output from the column, including PCBs sorbed to
alumina and PCBs remaining in the effluent from the column, totaled 6.73 µg. The alumina
sorbed 78% of the PCBs, leaving 9.42% of the original PCBs unaccounted for. However, these
measurements do not include the oil that was blown out of the void spaces of the column
between the collection of the effluent and the sampling of the alumina. If it is assumed that this
oil contains the same concentration of Aroclor 1260 as the rest of the effluent, 6.89 µg of PCBs
would exit the system, leaving only 6.99% of the original PCBs unaccounted for. A small
amount of the oil was left behind on the syringe and the glass wool plug after the removal of the
sorbent, possibly accounting for some of this difference. It is also possible that the sorbent bed
had begun to become saturated by the end of treatment, in which case oil pushed out of the void
spaces would have a higher concentration, explaining the whereabouts of the remainder of the
PCBs.

PCB Breakthrough on Small Column

A study was performed in which planing oil with added Aroclor 1260 (total influent
concentration 1.01 ng/uL) was passed through a small 7-cm column of super activated alumina
and the concentration of Aroclor 1260 in the eluent was measured. The intent of this study was to
obtain a concentration curve showing the volume of oil that needed to be passed through the
column before breakthrough of PCBs and the volume at which the sorbent column was saturated.
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This information was then used to calculate the length of the mass transfer zone for PCB sorption
within the column.

Breakthrough Curve

The mass transfer zone of a sorption column is the area of the column in which sorption
processes are taking place at a given time. This zone moves along the column from inlet to outlet
as the sorption material is used up, with spent material behind it and unused material ahead of it.
The material within the transfer zone itself is approximately half spent. As such, it is important
that the column be several times the length of the mass transfer zone in order to increase
efficiency. Since the column must remain undisturbed, the length of the mass transfer zone can
be found by measuring the concentration of adsorbate in the eluent. A diagram showing C/CF
(concentration over concentration in feed) over distance is shown in Figure 4.

Figure 4: Plot of breakthrough curve at time n, showing the mass transfer zone shaded in gray.
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In terms of length, the mass transfer zone is equal to the distance between LF and LS, where LF is
the distance along the column where C/CF is equal to 0.05 and LS is the distance along the
column where C/CF is equal to 0.95.75 Distance is commonly measured in terms of the length of
time needed to reach LF and LS. Since this column is under constant flow conditions, distance is
measured here in terms of the volume of eluent needed to reach these conditions. Whereas a plot
of C/CF over distance along the column shows a decreasing concentration, a plot over volume
shows an increasing concentration. A third- or fourth-order polynomial curve fit is used to help
extrapolate the data between measured points.76 Figure 5 demonstrates such a breakthrough
curve for the data from the small column.

Small Column Breakthrough Curve
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Figure 5: Breakthrough curve for PCB elution from small column of super activated alumina.
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Calculation of Mass Transfer Zone

The information in this plot was used to calculate the length of the mass transfer zone as shown
in Equation 3. LMTZ is the length of the mass transfer zone, Lbed is the length of the sorption
column bed, Ve is the volume of eluent required to reach exhaustion (C/CF = 0.95), and Vb is the
volume of eluent required to reach breakthrough (C/CF = 0.05).75

-

(3)

In the case of the small super activated alumina column, Ve and Vb were found from the
breakthrough curve to be 16.0 mL and 5.5 mL, respectively, and the length of the column bed
was 7.0 cm. Substituting these values into the equation gave a mass transfer zone length of 4.6
cm. In retrospect, this helps to explain the relatively low percentage of PCB sorption by alumina
in the 3-cm column discussed previously. This information was instrumental in the design of
subsequent columns.

Ethanol Flush of Small Column

After sorption of PCBs onto the 7.0-cm super activated alumina column, the column was flushed
with absolute ethanol in order to examine whether the PCBs could be desorbed without the need
for ultrasonic extraction. As aliquots of eluent were taken, it was apparent from their color that
the first two contained primarily residual yellow planing oil that had not been dislodged from the
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column void space by pressurized air, while subsequent aliquots contained primarily ethanol. A
plot of concentration over volume is shown in Figure 6.

Ethanol Flush of Small Column
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Figure 6: Aroclor 1260 concentration in eluent from 7-cm super activated alumina column during flushing
with ethanol.

The difference between the influent and effluent concentrations during the sorption phase of the
experiment was used to determine that 9.05 µg of Aroclor 1260 had been sorbed to the column.
Using the midpoint rule for approximate integration, it was calculated that 4.76 µg of PCBs were
desorbed during the ethanol flush. This yielded a recovery of 52.6%, which was not favorable
enough for usage as a technique. The peak amount of PCBs recovered was attained early in the
flushing process, at only 5 mL of eluent, and recovery was mostly complete by 11 mL of eluent.
This implies that further flushing with ethanol would not have meaningfully assisted in
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desorption. The short residence time of the flush solvent on the column may have affected this,
as PCBs in more accessible sites on the alumina may be removed first. Sorption of aromatic
compounds to alumina is thought to occur through electrostatic interactions with the molecule
parallel to the alumina surface.77 Thus, it can be assumed that PCBs will sorb to outer surfaces of
the alumina particles as well as within the pores. A solvent with a short residence time may wash
the outer surfaces without being able to diffuse into these pore spaces, especially if to do so it
must displace a viscous oil.

Selection of Oil Simulant

A larger-scale sorption column was needed in order to examine the effects of scale-up on the
current extraction process. Since the volume of the original oil samples was slightly less than 1
L, an oil simulant with similar properties had to be chosen for these studies. When samples of
various simulants were spiked with Aroclor 1260 and prepared for analysis via GC-ECD, it
became clear that some of them were not viable options. Vegetable oil produced excessive heat
during the sulfuric acid clean-up procedure used on the oil samples. Light mineral oil was also
investigated, but its high boiling point and viscosity led to carryover on the GC column even
when heavily diluted, as well as causing poor peak resolution. The best chromatographic results
were obtained using Kubota Super UDT hydraulic fluid that had been thinned with two parts isooctane to one part hydraulic fluid. Iso-octane was added in order to mimic the viscosity of the
planing oil samples, which were somewhat weathered and degraded, and was chosen because it
was compatible with GC-ECD analysis and rated by the National Fire Protection Association
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(NFPA) as less toxic than hexanes or toluene. This simulant was thus used in further large-scale
studies. Chromatograms of Aroclor 1260 in mineral oil and in 2:1 iso-octane/Kubota Super UDT
demonstrating differences in peak resolution are shown in Figure 7.

Figure 7: Chromatograms of Aroclor 1260 in (A) mineral oil and (B) 2:1 iso-octane/Kubota Super UDT
hydraulic fluid.

Studies Performed Using Large-Scale Column

PCB Breakthrough

Once a simulant had been selected, a sorption study could be conducted using a larger super
activated alumina column (68 cm long by 10 cm in diameter). Simulated oil was spiked with
Aroclor 1260 and pumped through the column at a constant pressure using a gear pump. As
aliquots were collected, a concentration curve and a breakthrough curve were constructed
(Figure 8, Figure 9) and used to determine the length of the mass transfer zone as before.
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Figure 8: Effluent concentration versus volume during PCB sorption to a large-scale column.
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Figure 9: Breakthrough curve and curve fit for PCB sorption to large-scale extraction column.
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The length of the column bed was 68.0 cm, the volume to bed exhaustion was 9300 mL, and the
volume to breakthrough was 5940 mL. From these, the mass transfer zone was calculated to be
24.6 cm long. The 68-cm column was thus 2.76 mass transfer zones long, allowing for more
efficient use of the alumina material than in the previous shorter columns. Further extending the
column length would improve the potential for mass transfer of PCBs to the alumina but would
also increase the pressure needed to push the oil through the column. Sorption of PCBs to the
PVC column shell was considered unlikely because of their greater affinity for oils than for
plastics66 and the fact that the highly chlorinated congeners of Aroclor 1260 do not diffuse
readily into PVC.78

Concentration Measurements in Column Core

After excess oil was removed, a core of alumina was taken from the center of the large extraction
column in order to examine the PCB loading at varying depths in the column (Figure 10). The
top 60 cm of the column was sampled in 10 cm increments. In a system with no retention of oil,
it would be expected that by the time sorbent exhaustion was achieved, all sections of the core
would have equal PCB concentrations. However, in practical terms, not all of the oil within the
void spaces of the column can be removed using pressurized air. The concentration of PCBs was
thus seen to increase with depth as the remaining oil slowly filtered towards the bottom of the
column.
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Figure 10: Aroclor 1260 concentration in cored alumina as a function of column depth.

Ethanol Soak of Large-Scale Column

In order to increase the residence time of the desorption solvent on the column, ethanol was
allowed to permeate the column and sit for four days prior to draining, for comparison with
ethanol flushing from previous experiments. The concentration of the soak ethanol was measured
and used together with the alumina concentration data gleaned from the cores to obtain a rough
material balance of Aroclor 1260 for the ethanol soaking procedure. The volume and density of
the alumina in the column and cores before soaking was used to determine the mass of alumina
in each section after coring. This mass in kilograms was multiplied by the concentration of
Aroclor 1260 in the given core to obtain mg of PCBs present (Table 2).
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Table 2: Mass of PCBs in 10-cm sections of large column before PCB desorption into ethanol.

Section

Mass After Coring
(kg)

1
2
3
4
5
6
Total

0.925
0.925
0.925
0.925
0.925
0.925

Aroclor 1260
Concentration
(mg/kg)
31.95
70.91
82.26
100.01
112.01
117.71

Mass of PCBs (mg)

29.12
64.62
74.97
91.14
102.09
107.28
469.26

The 2.15 L of ethanol removed from the column after soaking had a concentration of 134.85
mg/L, meaning that 289.93 mg of Aroclor 1260 was removed from the column by soaking. This
represents 61.8% overall desorption, which is a 9% improvement on the level of desorption
obtained by flushing with ethanol (52.6%) without using proportionately more solvent. The
concentration of Aroclor 1260 in the alumina at the top of the column was also measured after
the ethanol soak and was found to be 0.211 mg/kg, which is a 99.3% reduction in PCB
concentration from the previous measurement of Section 1. While this represented some measure
of success, it was decided that a more efficient route would be to desorb the extracted PCBs
using a more hydrophobic solvent that would still be compatible with dechlorination in ethanol.

Deactivation of Alumina by Absolute Ethanol

One of the goals for the combined extraction and dechlorination oil treatment system was to
reuse materials wherever possible. The overall sustainability of the process could be improved by
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reuse of the alumina sorbent column. However, the sorbent capabilities of super activated
alumina diminish as water occupies sorption sites. Used, weathered oil may already have had
some contact with water, so it was important to investigate whether flushing or soaking with
ethanol would diminish the sorptive properties of the alumina. Small-scale studies suggest that
flushing with absolute ethanol severely diminishes the sorption capacity of alumina when
compared to flushing with low-molecular-weight hydrophobic solvents such as hexanes (Figure
11) which are commonly used for the elution of compounds in chromatography.71c It was
proposed that hexanes or a similar hydrophobic solvent might be used for desorption of PCBs
from the extraction column, followed by dechlorination with added magnesium and acidified
ethanol.

Effect of Solvent Flushing on
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Figure 11: Breakthrough plot of sorption to alumina after sorbent flushing with hexanes or ethanol.
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Tolerance of Dechlorination Reaction for Hexanes

While hexanes are less environmentally friendly than ethanol, they are easily capable of
solubilizing PCBs. Their hydrophobic nature and small molecular size mean that as a flush
solvent they are capable of entering pore spaces within the alumina column to desorb the PCBs
and remove any remaining oil without deactivating the column. What remained to be seen was
whether they were compatible with the magnesium and acidified ethanol dechlorination system.

Single Congener Study

An initial study was performed using hexane with 0.1 ng/uL of added PCB 151 to provide
uncomplicated reaction conditions. The amount of glacial acetic acid in each trial was kept
constant at 1% of total solvent volume. It was found that PCB 151 could be completely
dechlorinated within 60 minutes at 50% hexane. This is an increase of just 20 minutes over times
previously reported for the dechlorination of PCB 151 with magnesium and acidified ethanol
alone.61 Addition of further hexane continues to slow reaction kinetics as demonstrated in Figure
12.
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Figure 12: Concentration of PCB 151 over time at varying percentages of hexane in acidified ethanol.

Combined Extraction and Dechlorination

A small-scale experiment was also conducted in order to follow all the basic steps of the PCB
extraction and dechlorination process. Planing oil with added Aroclor 1260 was allowed to flow
through a small column of super activated alumina. The PCBs from the alumina were then
ultrasonically extracted into hexane, which was combined with magnesium and acidified ethanol
for dechlorination. The activated alumina column was shown to sorb 98.5% of the PCBs from
the oil, lowering the Aroclor 1260 concentration from 0.874 ng/µL to 0.013 ng/µL. Ultrasonic
extraction of PCBs from the column followed by dechlorination using magnesium and 50%
hexane in acidified ethanol led to complete dechlorination of Aroclor 1260 from the extract to
below the limit of quantitation within one day. Chromatograms (Figure 13) demonstrate how
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peaks were shifted towards earlier retention times as well as diminished, indicating that
dechlorination processes were taking place.

Figure 13: Chromatograms of (A) Aroclor 1260 desorbed into hexane from alumina and (B) the same hexane
after dechlorination with magnesium and acidified ethanol.
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Design of Combination Extraction and Dechlorination Treatment

Based on data from these studies, a plan was designed for the treatment of machines containing
PCB-contaminated oil. The extraction apparatus would be sent to the site in Japan, assembled by
site personnel, and attached to the oil reservoir of a contaminated metal planing machine. During
the extraction step, the oil from the machine would be recirculated through a sorbent column for
extraction and concentration of the PCBs as shown in Figure 14. The reservoir shown in the
diagram would be the oil reservoir of the machine to be treated. A filter was added to the system
in order to prevent any debris from the machine from fouling or blocking the tubing, pump, or
sorbent column. The column would then be removed from the system and shipped back to UCF
for flushing and dechlorination of the PCBs.

Figure 14: Schematic diagram of system for PCB extraction from machine oil.
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A kit containing three 90-cm extraction columns and the apparatus shown in Figure 14, as well
as an instructional video and sampling supplies, were shipped to the site in Japan for use on the
contaminated oil found there. The apparatus was assembled on-site as shown in Figure 15.

Figure 15: Extraction column in place for treatment of a planing machine on-site in Japan.

A baseline oil sample was taken before the beginning of treatment. After the oil had been
allowed to recirculate through the first two columns, another sample was taken to decide whether
further treatment was necessary. The baseline sample and the treated sample were sent back to
UCF for analysis. Unfortunately, the baseline and the treated sample showed PCB concentrations
of 0.061 ng/µL and 0.039 ng/µL respectively, far below the Japanese action limit of 0.5 ng/µL.
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Cleanup efforts had continued at the site while the treatment system was being designed and
tested, and some of the equipment that had previously been available for treatment had already
been disposed of by other methods. The treatment system was thus used on oil that was
suspected of being contaminated, but turned out to have a very low concentration.

End of Chapter Remarks

A combined treatment system for extraction of PCBs from contaminated machine oils and
subsequent desorption and dechlorination was designed and optimized. It was shown that PCBs
could be not only sorbed onto but desorbed from super activated alumina, allowing for further
treatment and opening up the potential for reuse of the alumina sorbent bed. The choice of a
hydrophobic solvent also assisted in preserving the sorptive properties of the alumina. A
recirculating system for treatment of PCB-contaminated machine oil was proposed that would
meet site-specific requirements including the need to leave equipment intact. While this
particular field application did not attain its stated goal because the final field test was conducted
on machines with a PCB contamination level far below the originally designed treatment level,
the technology could easily be adapted for use at another site. The desorption and dechlorination
portions of the treatment could be carried out on-site as well in the presence of trained personnel.
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CHAPTER FOUR: NON-METAL TREATMENT SYSTEM AND
ACTIVATED METAL TREATMENT SYSTEM FOR PAINTS AND SOILS

Introduction: Treatment System Pastes

Development History

The Non-Metal Treatment System (NMTS) and Activated Metal Treatment System (AMTS)
currently in use at UCF have their roots in a joint project by UCF and the National Aeronautics
and Space Administration at Kennedy Space Center (NASA-KSC). In 2004, a treatment method
was being sought to remove PCBs present in paint on structures that were to be demolished at
NASA-KSC.79 This initial method involved the dismantling of structures into parts small enough
for immersion in a liquid treatment bath. The bath contained a water-in-solvent emulsion which
was known as the Bimetallic Treatment System (BTS) because it featured the Mg/Pd bimetallic
particles that have been examined extensively by researchers at UCF.47, 58 This system was seen
to be capable of of removing and dechlorinating PCBs from paint chips with concentrations as
high as 11,000 mg/kg within 48 hours.79 However, the necessity for “dip” treatment in a liquid
bath precluded the use of BTS on structures that were to remain in place. Conventional
treatments for painted surfaces that are to be left intact often include mechanical stripping or
sandblasting, which can cause higher PCB exposure for some time afterwards due to paint and
silica dust suspended in the air.80 Thus, it was important to develop a system that would not
expose workers to further risk during treatment.
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A spreadable formulation containing bimetallic particles in ethanol with bulking agents to
achieve a thicker consistency was devised at Marshall Space Flight Center. This BTS paste was
capable of being troweled or sprayed onto the area to be treated, and with proper optimization it
was capable of clinging to vertical surfaces, where it would be covered with a spray-on sealant to
prevent loss of solvent.62 This system was field tested at the Badger Army Ammunition Plant in
Wisconsin and was shown to be capable of up to 94% removal of PCBs at a pre-treatment
concentration of 5131 mg/kg.62 After this success, efforts were made to increase the cost
effectiveness of treatment by switching to the magnesium and acidified ethanol active
ingredients used by Maloney et al.61 The resulting treatment paste was known as AMTS. A
general schematic for the extraction and dechlorination of PCBs from painted surfaces by AMTS
or BTS is shown in Figure 16.

Figure 16: Extraction and dechlorination of PCBS from a painted surface by AMTS or BTS.

The PCBs are extracted from the contaminated paint into the treatment system paste, where they
are reductively dechlorinated by the reactive metallic particles (acid-activated Mg in AMTS,
Mg/Pd in BTS) to produce less highly chlorinated PCBs. Continued reduction within the paste
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system will result in non-chlorinated byproducts. NMTS, a treatment paste containing all
components of AMTS or BTS but with no reactive metallic particles, was also tested for its PCB
sorptive ability and was seen to provide comparable removal results to those for BTS.62 NMTS is
capable of sorption only and as such requires a secondary step in which activated magnesium
particles are added in order to effect dechlorination of sorbed PCBs. While painted surfaces are a
subject of concern, the sorptive properties of NMTS have also led to examination of its utility in
treatment of porous surfaces such as concrete, and in soils and sludges.

Treatment Paste Components and Functions

The components of AMTS and their approximate weight percentages and functions in the
formulation are listed in Table 3.

Table 3: AMTS components, weight percentages, and primary functions.

Component
Sodium polyacrylate
Calcium stearate
Polyethylene glycol 8000
Glycerol
D-limonene
Absolute ethanol
Glacial acetic acid
Magnesium powder

Weight %
10
10
5
10
6
53
1
5

Function
Solvent reservoir
Bulking agent
Viscosity modifying agent
Coating for Mg, binder
Paint softener
Proton-donating solvent
Activator for Mg
Reducing agent

The components of AMTS actively participating in reductive dechlorination of PCBs are
absolute ethanol, glacial acetic acid, and magnesium powder. The magnesium powder used in
AMTS is not ball-milled as it does not require mechanical combination with another metal.
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Studies conducted at UCF have shown that ball-milling does not further increase the extent of
PCB dechlorination in this particular application, in contrast to studies in neat ethanol solvent.62
As previously mentioned, the glacial acetic acid is present to activate the magnesium particle
surface, and the ethanol solvent is needed as a proton donor for the reductive dechlorination
process. The solvent also allows for transport of the PCBs both within the paste and from paint to
paste, as the d-limonene softens the paint matrix and allows it to enter into more intimate contact
with the PCBs. In AMTS formulations, a sorbent material such as sodium polyacrylate was also
added in order to provide a reservoir for adequate solvent during PCB transfer from
contaminated surfaces and subsequent PCB dechlorination. It had been noted during work with
BTS that it was not possible to prevent the loss of solvent through the paint into porous materials
such as concrete or wood, so a solvent reservoir was necessary to contain an amount of ethanol
large enough to counteract this effect without resulting in the loss of a spreadable consistency.79
Another sorbent material that was tested for use in treatment pastes was PowderSorb, a
proprietary sorbent designed for use on oil spills, which can be substituted for the more
expensive sodium polyacrylate at 5% by mass rather than 10%. Calcium stearate and
polyethylene glycol (PEG) 8000 were used as bulking and viscosity control agents to achieve the
correct texture. Glycerol was used as a coating for the magnesium to prevent vigorous reaction
when the magnesium was combined with the other active components and also as a binder to
minimize the escape of dust from powders during formulation.

NMTS was originally formulated without magnesium or acetic acid. However, it was noted that
the presence of acetic acid decreased the amount of time for which the initially liquid paste
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would have to “set” before achieving the desired consistency from overnight to two or three
hours. From that point on, NMTS was made using the same components as AMTS, but without
the magnesium and with half the original amount of glycerol.

Methods

The following experimental methods are unique to the experiments conducted in this chapter.
Methods common to multiple chapters of this work are covered in Chapter Two and thus do not
appear here.

Formulation of NMTS

NMTS can be formulated in any quantity desired using the same proportions. The procedure
given here is for a 5 gallon batch such as would be used in a field study. In a large bucket with an
airtight lid, 800 g of glycerol and 1600 g of sodium polyacrylate were combined to a relatively
smooth consistency by mixing with a power drill and auger bit. To this was added 1600 g of
calcium stearate and 800 g of PEG 8000, with careful mixing. In a separate container, 10.915 L
of absolute ethanol and 1.212 L of d-limonene were combined. To this mixture 123 mL of glacial
acetic acid was carefully added and stirred to combine the ingredients. The liquid components
were then slowly added to the solid components, with constant mixing using the auger bit.
Mixing was continued for a few minutes after addition was completed, moving the auger around
in the bucket to ensure homogeneity. At this point the mixture appeared quite watery. The
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airtight bucket was closed and allowed to sit for at least 2-3 hours for the NMTS to thicken
before use. If the bucket remained sealed, the contents could be used months later without losing
their consistency. For some smaller-scale experiments on soils and sludges, PowderSorb paste
was used. This was formulated in the same way as paste containing sodium polyacrylate, except
that PowderSorb was substituted in place of the sodium polyacrylate at a one-half to one weight
ratio.

Addition of Activated Magnesium to NMTS

The procedure for addition of activated magnesium to NMTS is the same whether AMTS is
desired to begin with or NMTS samples are being treated in order to dechlorinate sorbed PCBs.
The mass of the NMTS is found, and 2.4 g of a 50/50 weight percent mixture of magnesium
powder and glycerol is added for every 20 g NMTS. For example, for 100 g of NMTS, 12 g of
magnesium powder and 12 g of glycerol would be used. The magnesium powder and the
glycerol were combined until the metal was thoroughly coated, at which point the NMTS was
added and mixed thoroughly together. Absolute ethanol with 10% glacial acetic acid (10%
glacial acetic acid, 90% absolute ethanol) was then added in a 10% volume-to-mass ratio to the
new mass. For the paste from the given example, which would now have a new mass of 124 g,
12.4 mL of the 10% glacial acetic acid/90% absolute ethanol mixture would then be added.
Heatproof gloves should be used as a precaution when activating large quantities of NMTS at
once, although excessive heat production has not shown to be a problem when the magnesium is
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coated with glycerol. NMTS can also be activated using magnesium of different particle sizes
using the same procedure.

Methods Used in Paint Field Study

Application of NMTS and AMTS to Painted Vertical Surfaces

The surface of the material to be treated was wiped down with denatured alcohol and allowed to
dry. A movable template was used to draw squares of the desired 4 in. by 4 in. treatment size in a
nine-by-nine regular grid on the painted surface, leaving approximately 4 in. between squares.
The area around each square was then covered with duct tape to provide a surface for the
aluminum tape to adhere to later. The movable template was fixed in position over the desired
area with painter’s tape and the treatment paste was troweled on to fill the template, which was
0.5 in. thick. The template was carefully removed and a square of aluminum-backed paper vapor
barrier slightly larger than the treatment area was applied. The vapor barrier was sealed on all
four sides with aluminum roofing tape, then completely covered with overlapping vertical strips
of aluminum tape to enhance weather resistance. When applying AMTS to vertical surfaces, it is
important to allow the paste to sit for 2-3 hours directly following formulation in order for some
of the hydrogen to escape, or it will not adhere properly to the surface.
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Sampling of NMTS and AMTS

Treatment pastes were sampled by first carefully removing the aluminum-tape-covered vapor
barrier from the surface. If necessary, the tape was cut in order to prevent interfering with
neighboring zones. When the vapor barrier was peeled away, the treatment paste often remained
attached to it in one or a few large sections. Any remaining paste was then gently scraped from
the surface with a plastic spreader. Samples were split with the independent testing laboratory
and then shipped back to UCF in small mason jars.

Sampling of Paint

Paint samples were removed by cutting around the perimeter of the sampling square with a box
cutter, then using a paint scraper to manually remove the paint. In cases where paint was being
sampled after treatment paste was removed from that area, the paint was first wiped clean and
blotted with a rag soaked in denatured alcohol to remove any residual paste. Samples were split
with the independent testing laboratory and then shipped back to UCF in plastic bags.

Preparation of Paint Samples and Treatment Pastes for Analysis

Paint samples were allowed to dry and were then crushed or cut into small pieces, as applicable.
Portions of 1.00 g were were weighed out into 20 mL glass vials with PTFE-lined caps and
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ultrasonically extracted into 10 mL of toluene, then subjected to a sulfuric acid and potassium
permanganate cleanup as described in Chapter Two.33

Analysis of PCB concentrations in treatment pastes was conducted by first spreading the paste on
a watchglass and allowing it to air-dry. The dried paste was then thoroughly crushed and portions
of 1.00 g were weighed out into 20 mL glass vials with PTFE-lined caps. These were
ultrasonically extracted into 10 mL of toluene.33 The sulfuric acid and potassium permanganate
clean-up from EPA method 3665 was used, but an extra sulfuric acid wash was conducted, and
this was followed by a final wash with 5% sodium bicarbonate in water to destroy any possibly
remaining acidity.

Dechlorination of PCBs from Paint Chips with AMTS

To a 20 mL glass screw-top vial with a PTFE-lined cap was added 0.5 g of finely crushed or cut
paint chips. To this was added 1 g of AMTS paste. The AMTS was stirred in thoroughly using
the tip of a Pasteur pipet, which was then broken off into the vial to prevent the removal of any
treatment paste or paint from the system. The vial was allowed to sit on the benchtop for the
desired treatment time, after which 10 mL of toluene was added. The sample was ultrasonically
extracted via EPA method 3550C, then 4 mL was drawn into a glass syringe through a
Whatman® Puradisc 0.45 µm nylon syringe filter. This extract was then subjected to the same
clean-up procedure as was used for dried pastes.
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Methods Used in Soil and Sludge Studies

Soil Characterization

Soil was homogenized by mixing and spread out in a metal pan in the fume hood and allowed to
air dry with periodic turning for several days. In order to break up large clay-based lumps, the
soil was prepared by crushing with a mortar and pestle and sifting using a 10 mesh strainer. A
sample of the soil was then put into a stack of sieves with a 3 inch diameter and mesh sizes of 75
µm, 45 µm, 25 µm, and 20 µm. A top cover and a bottom pan were added and the stack was
shaken from side to side by hand for five minutes. The soil that was left in each sieve was
weighed to provide a particle size distribution. The void volume of the soil was calculated by
preparing a 60.0 cm3 sample of soil and measuring the volume of water needed to bring the soil
to incipient wetness.

Dechlorination of PCBs in Soil using AMTS

NMTS was formulated and activated to make AMTS as previously described. Into three small
jars was measured 20.00 g each of prepared soil. To each of these jars, the desired volume of
AMTS was added: 5 mL, 10 mL, and 20 mL. The paste was too viscous for effective
measurement by volume, so the paste density was experimentally determined to be 0.907 g/mL
and this value was used to calculate the equivalent amounts by mass: 4.54 g, 9.07 g, and 18.15 g.
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The contents of the jars were mixed thoroughly to ensure complete coating of the soil with paste.
After the desired reaction time had passed (and immediately for baseline concentration samples),
duplicate samples of 1.00 g each were weighed out into 20 mL glass screw-top vials with PTFElined caps. The contents of these vials were ultrasonically extracted into toluene for 90 minutes
and subjected to the same clean-up procedure as used for dried pastes and dechlorination in paint
samples.

Another version of this experiment was also conducted on soil with varying degrees of moisture.
Six 30-g batches of prepared soil were weighed out. Into these batches was added the appropriate
amount of water to fill the indicated percent of the soil void volume: none (0%), 144 µL (2%),
361 µL (5%), 721µL (10%), 1442 µL (20%), or 2163 µL (30%). The soil was mixed thoroughly
to homogenize it and allowed to sit for one hour. Into 20 mL glass screw-top vials with PTFElined caps were weighed 2.00 g of the appropriate soil and 1.00 g of AMTS. The contents of the
jars were mixed thoroughly with a Pasteur pipet, the tip of which was broken off into the jar to
prevent removal of any soil or AMTS. After the desired reaction time, the contents of these vials
were ultrasonically extracted into toluene for 90 minutes and subjected to the same clean-up
procedure as used for dried pastes.

Extraction of PCBs from Soil in Presence of NMTS Components

Samples of 1.00 g of prepared soil were weighed out into 20 mL glass screw-top vials with
PTFE-lined caps. To each pair of vials was added a different solvent or set of extraction
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components: 10 mL of toluene, 10 mL of ethanol, 1.00 g of sodium polyacrylate NMTS and 10
mL of toluene, 1.00 g of PowderSorb NMTS and 10 mL of toluene, 759 µL of ethanol and 10
mL of toluene, 84.3 µL of d-limonene and 10 mL of toluene, or 759 µL of ethanol, 84.3 µL of dlimonene, and 10 mL of toluene. These samples were ultrasonically extracted and then run
through the same clean-up procedure as for dried pastes.

Extraction and Dechlorination Through a Polyethylene Membrane with PVC Enclosure

To create a PCB extraction membrane system for use in treating sludge, four long windows were
cut into 8 in. lengths of white PVC pipe with a 1 in. inner diameter. Polyethylene (PE) sheeting
was inserted into the pipe to make an inner liner, which was cuffed over the top of the pipe and
held in place with duct tape. The enclosure was then filled with a treatment paste. Four such
enclosures were made; two with NMTS and two with AMTS that had been formulated using
larger granular magnesium that contained 51% magnesium turnings (Gr-AMTS). The pipe was
then stoppered and the stopper held in place with Parafilm and duct tape. The enclosures were
sunk into a 1 gallon bucket of sludge so that only the stopper portion was above the surface.
These were allowed to sit on the benchtop for the desired treatment time. Sludge sampling was
conducted by taking 2.00 g samples from directly next to the enclosures to determine their
effects on their surroundings. The treatment pastes were sampled by opening the stopper and
mixing the paste, removing 2.00 g of material for sampling, then mixing again and re-stoppering
the enclosure. The sludge and paste were dried, and then 1.00 g samples of each were prepared
and analyzed as previously discussed.
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Formulation of Sludge Spiked with PCB 151

Sludge samples were formulated following procedures from the Organization for Economic CoOperation and Development (OECD) Guideline 218.81 Paver sand was dried and 10.00 g was
weighed out onto a watchglass, then spiked with 10 mg of PCB 151 and allowed to dry. During
this time, 50 g of peat moss was ground in a blender, then ultrasonically extracted for 60 minutes
into 500 mL of deionized water to create a suspension. The pH of the suspension was adjusted to
6 with calcium carbonate and then put on a reciprocating shaker table overnight. The next day,
740 g of dry clean paver sand, the 10.00 g of dry spiked paver sand, and 200 g of kaolinite were
mixed together. The peat moss suspension was then poured in and thoroughly mixed by hand to
homogenize the sludge. The water content of the resulting sludge was 50% of the sediment dry
weight.

Comparison of Treatment Pastes Through a Polyethylene Membrane

Rectangles measuring 6 cm by 6.5 cm were cut from 3 mil polyethylene (PE) sheeting. These
were folded over and heat sealed on three sides, then filled with the desired treatment paste. The
average empty packet mass was 0.24 g. The mass of paste added differed with paste density and
was, on average, 6.55 g for NMTS, 5.40 g for AMTS, and 5.34 g for Gr-AMTS. These packets
were sealed, then put into 4 oz. quilted glass jam jars. The jars were filled with 100.00 g of
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formulated sludge and the packet position adjusted so that it was surrounded by sludge on all
sides. They were then sealed and allowed to sit on the benchtop. After the desired treatment time,
each jar was opened and the packet removed. The packet was wiped clean and cut open to
remove the treatment paste, which was spread on a watchglass to dry. The treatment paste was
then extracted into toluene and analyzed as previously described for dried pastes. The packet
material itself was washed gently with deionized water, wiped clean, and cut into small pieces,
which were extracted into toluene and analyzed by the same procedure. The sediment was
homogenized by mixing, and then about 10 g was spread on a watchglass to dry. The sediment
was then extracted into ethanol and analyzed as described in Chapter Two.

Field Study: Removal and Dechlorination of PCBs from Painted Surfaces

Site Description and Treatment Requirements

In partnership with Geosyntec Consultants, Inc., UCF was contacted to perform a field study on
the extraction and dechlorination of PCBs from paint on the exterior of a building owned by a
transportation parts manufacturer in Washington state. Use of these facilities had begun in the
World War II era, and PCB contamination found on site is said to be from that period. The areas
to be treated were a large painted metal door and a section of painted concrete wall, both of
which were completely exposed to the elements. Since work was still being conducted in other
parts of the facility, demolition and dismantling of the building was not considered an option. As
previously mentioned, sandblasting to remove contaminated paint could expose workers to
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unacceptable levels of PCBs.80 Due to these factors, AMTS and NMTS were suggested as
treatments at this site.

Analysis of Preliminary Field Samples

Two 125-mL glass jars of paint chips were sent to UCF from the site for analysis prior to the
actual field study. The first sample, designated LOC60, was beige on one side and black on the
other (the layers could not be separated), and easily crushed for analysis. The second sample,
LOC65, was greyish on both sides and had a latex texture that resisted crushing. This sample was
cut into small pieces for analysis. Both paints were found to be contaminated with Aroclor 1254.
The concentration of the LOC60 sample was 70.02±1.59 mg Aroclor 1254/kg paint, and that of
the LOC65 sample was 332.07±21.59 mg/kg. Figure 17 shows the results of treatment of these

PCB Concentration
(mg/kg paint)

paint chips with AMTS.

Dechlorination of Aroclor 1254 in
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Figure 17: Results of treatment of LOC60 and LOC65 paint chips with AMTS.
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Because of the rapid kinetics of dechlorination by magnesium and acidified ethanol,(Maloney
2011), it was decided that the “zero hour” concentration would be determined by combining the
paint chips with NMTS rather than AMTS. This provides a means for comparison of data
without changing the matrix excessively or allowing dechlorination that takes place during the
few minutes of work involved in preparing the zero hour sample which would skew the results. It
can be seen that the concentrations of Aroclor 1254 in the two types of paint are quite different
from each other. The percent PCB dechlorination achieved over three days was 90.7% for
LOC60 and 54.7% for LOC65. As the entire contents of the treatment vial, including the AMTS
paste, were extracted during the sample preparation process, these percentages represent
dechlorination rather than sorptive activity. It was considered probable that the percent removal
of PCBs from a flat surface of either of these paints would be somewhat higher due to
partitioning of PCBs into the treatment paste.

Plan of Treatment and Sampling

At the Washington site, the intention was to compare the performance of NMTS and AMTS, as
well as any differences in performance due to paint type or substrate material. To this end,
sampling grids using each of the treatment pastes were marked off on the two treatment areas for
a total of four sampling grids. The areas chosen for grid placement were those that were the most
free of scrapes, blemishes, or irregularities in the paint, although the conditions of the surfaces
were such that complete smoothness was not possible. The sampling squares were 4 in. by 4 in.,
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separated by duct tape, and grids were laid out as shown in Figure 18. Each sampling area was
kept separate from those around it in order to mitigate any interference from the surroundings.

Figure 18: Sampling grids for NMTS and AMTS on a painted surface. Sample names indicate paint samples
taken, names in parentheses indicate paste samples taken.

Baseline samples (B1, B2, B3) were taken on the diagonal so that they would more accurately
represent concentrations across the entire grid. It is possible for the concentration of PCBs to
vary greatly across the same surface because contaminated paint may have flaked off of the
surface at some point in time and then been painted over. For this same reason, paint and
treatment paste samples taken on the same day are also separated spatially. Paint samples were
designated 2D or 5D for two or five days of treatment, respectively, and 1 or 2 to differentiate
between samples taken on the same day. Two samples per grid (2S1 and 5S2) were also
designated as “spares”, to be used to replace one of the other samples if problems were noticed
during application or sampling, or factored into calculations as a third data point for the day if
not needed as a replacement. In the case of the AMTS grids, the treatment paste samples carried
the same names as their paint counterparts, with a P at the end to reflect that they belonged to the
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treatment paste data set. For NMTS grids, paste samples from the same day were compounded
into one larger sample so that enough material would be sent back to UCF for part of the sample
to be used for subsequent off-site dechlorination. These samples were thus named 2DPUT and
5DPUT, for the treatment time and “paste un-treated”. In case of sampling issues involving
NMTS, the spare square from that day would be used in place of the affected sample in making
the composite. There were only two instances in which a spare area had to be used: one in which
a square of AMTS was not applied correctly, and one in which water infiltrated a square of
NMTS and altered the sample texture.

Baseline Sampling

Baseline samples were removed as shown in Figure 19. The difference in grid color on the
painted wall is due to use of a different color of duct tape.

Figure 19: Photos of treatment grids on painted metal door (left) and painted concrete wall (right). Both
treatment grids are the same size.
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The paint on the concrete wall was an off-white color and somewhat chalky due to weathering.
The flakes removed were uniform in color throughout their thickness. At this point, both paints
were quite difficult to remove by scraping. In the case of the paint on the metal door, the outer
layer was gray but multiple coatings of different colored paints were visible upon scraping
(Figure 20). As the layers could not be separated, it is unknown in which layer(s) the PCBs were
primarily concentrated.

Figure 20: Different colored layers of paint visible on metal door during paint removal.

The Aroclor 1254 concentrations found in the baseline samples vary between sites. The metal
door grids with NMTS and AMTS had concentrations of 57.80±7.67 mg/kg and 65.40±23.03
mg/kg respectively. The large standard deviations for the samples from the metal door imply that
this surface was either not evenly coated with PCB-laden paint to begin with, or that the
contaminated layer(s) of paint had flaked in some areas over time. The concentrations from the
concrete wall were more consistent, at 10.20±1.02 mg/kg and 10.94±2.61 mg/kg for NMTS and
AMTS grids, respectively. The paint on the concrete wall was thus already under the EPA action
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limit for bulk PCB wastes,18 however, information from this study is still useful in determining
future courses of action at more highly contaminated sites.

Differences in Paste Application

NMTS paste was formulated at UCF and shipped to the treatment site along with the materials
for addition of activated magnesium. The AMTS needed was produced on-site using part of the
shipped NMTS. During application, the NMTS adhered well to both surfaces and was easily
sealed with vapor barrier and aluminum tape. The AMTS, however, produces hydrogen gas
when activated. This led the freshly activated treatment paste to be much less dense, and it would
not adhere to the wall when application was attempted. This is a problem unique to vertical or
highly sloped surfaces, and would perhaps not be the case if the treatment paste was applied
using a sprayer. The AMTS was allowed to age for 2.5 hours so that some of the hydrogen had
been released before application. Figure 21 compares the application of treatment pastes; note
the “bubbled” appearance of fresh AMTS in the right photo.
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Figure 21: Application of treatment pastes to metal door and concrete wall.

Removal of PCBs from Paint

Both NMTS and AMTS were successful in removing PCBs from painted surfaces at this field
site. Concentrations of Aroclor 1254 in paint throughout the treatment process are presented in
Table 4 and graphically presented in Figure 22.

Table 4: Average Aroclor 1254 concentrations in paint at different sampling times.

Treatment Grid Site
Door with NMTS
Door with AMTS
Wall with NMTS
Wall with AMTS

Baseline Conc.
(mg/kg)
57.80±7.67
65.40±23.03
10.20±1.02
10.94±2.61

Day 2 Conc.
(mg/kg)
5.83±1.83
24.58±7.38
0.59±0.13
1.50±0.26
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Day 5 Conc.
(mg/kg)
5.49±1.67
22.31±2.54
1.18±0.12
3.97±1.07

Concentration (mg/kg paint)

Total PCB Concentration in Paint
Over Treatment Time
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Figure 22: Concentrations of Aroclor 1254 in paint over treatment time.

It can be seen that in all cases PCB removal was very fast, with the majority occurring before the
two-day sampling point. At five days, the percents removal of PCBs from the door areas with
NMTS and AMTS were 90.5% and 65.9%, and the percents removal from the corresponding
wall areas were 88.4% and 63.7%. These results were similar to those obtained by the
independent laboratory, who found averages of 92% removal for all NMTS and 74% for all
AMTS. The paint on the door, which had been above the 50 mg/kg EPA action limit for PCB
bulk wastes, was reduced to 5.49 mg/kg and 22.31 mg/kg by NMTS and AMTS respectively.

For both material types, NMTS was more effective at removing PCBs. This phenomenon may be
due to the template used to apply the treatment pastes. When the 4” by 4” by 0.5” template area
was filled, the treatment paste was applied by volume. However, the AMTS is markedly less
dense than the NMTS due to the formation of hydrogen bubbles, resulting in less mass of actual
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paste per given volume. Since this data represents only the concentration of Aroclor 1254 in the
paint, removal must be considered as the combination of all extraction and dechlorination
processes taking place in a given area. In order to determine whether PCBs were in fact
dechlorinated by AMTS, the paste must be examined as well.

Sorption and Dechlorination of PCBs by NMTS and AMTS Treatment Pastes

Aroclor 1254 concentrations were measured in NMTS and AMTS from both treatment areas,
although concentrations in several of the samples of AMTS from the concrete wall could not be
detected. Averages of these data are presented in Table 5 and graphically presented in Figure 23.

Table 5: Average Aroclor 1254 concentration in dried paste at different sampling times.

Treatment Grid Site
Door NMTS
Door AMTS
Wall NMTS
Wall AMTS

2 Day Conc. (mg/kg)
5.50±0.22
1.53±0.15
1.35±0.09
0.32±0.63

5 Day Conc. (mg/kg)
5.45±1.16
2.76±0.58
1.25±0.15
0.48±0.41
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Figure 22: Concentrations of Aroclor 1254 in dried pastes over treatment time.

Concentration data from samples of NMTS from both painted materials corroborates the theory
that most PCB sorption had taken place by the two-day sampling timepoint. Because of the high
standard deviation in the AMTS samples from the concrete wall, it cannot be said whether
sorption processes have continued after two days. However, the Aroclor 1254 concentration in
AMTS samples from the metal door continues to rise between Day 2 and Day 5, indicating that
sorption processes have overtaken dechlorination processes by that point.

When NMTS samples were brought back to UCF and activated with magnesium and more
acidified ethanol, Aroclor 1254 was no longer detected in any sample after one day of treatment.
Sorption with NMTS followed by off-site dechlorination yielded the best results, as all of the
PCBs extracted were dechlorinated, while residual concentrations of PCBs remained within the
samples of AMTS that were used on-site.
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Water Infiltration Issues

In sampling the NMTS paste, it was noted that the aluminum tape/vapor barrier system on one of
the sampling squares had leaked, and rainwater had infiltrated the paste. The water was absorbed
by the sodium polyacrylate granules, leaving them puffed up into a gel and the remainder of the
paste runny, as seen in Figure 23. This paste sample and its corresponding paint sample were
replaced by a spare sample set and thus did not affect the data. However, this does illustrate how
the porous nature of concrete and weathered paint can lead to moisture in the concrete, making
the tape used to seal the treatment system less effective. Spray-on sealants could possibly be used
to mitigate this issue.

Figure 23: Normal NMTS paste (left) and water-damaged NMTS paste (right). The blue color is from the
marker used to delineate the spaces.
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Condition of Paint After Treatment

While the use of NMTS and AMTS technologies allows structures to remain intact, the dlimonene found in these treatment pastes is an effective paint softener and allows a good deal of
solvent to enter the paint. On the metal door, solvent was absorbed from the treatment paste and
trapped between layers of the paint. When a cut was made around the perimeter of the sampling
square, this solvent dripped out and the top layer of paint came off in one piece. The underlying
layers of paint were soft and easily scraped off for sampling as shown in Figure 24. The concrete
wall was porous, so any solvent that came through the paint could penetrate the surface. In this
case the paint required scraping to remove but was very pliable, as shown in Figure 24, and the
surface behind it was wet with solvent. If the paint were allowed to dry after paste removal
instead of being scraped away for sampling, it is possible that the painted concrete could regain
its former appearance, but the strength of the paint’s adhesion to the concrete might not be
regained. In the case of non-porous surfaces such as the door, the bubbling and lifting of the
paint caused by prolonged contact with treatment pastes is most likely irreversible. Were this
treatment attempted on a larger scale, it would be recommended that the treated paint be
mechanically stripped while still saturated to avoid dust issues, and the surface re-painted after
drying.
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Figure 24: Removal of paint from metal door after treatment (left) and demonstration of pliability of paint on
concrete wall after treatment (right).

Washington Field Study Conclusions

The first field trial of AMTS was seen to be capable of reducing Aroclor 1254 concentrations in
a painted metal door from 65.4±23.03 mg/kg to 22.31±2.54 mg/kg and concentrations in a
painted concrete wall from 10.94±2.61 mg/kg to 3.97±1.07 mg/kg over the course of five days of
treatment, averaging 64.8% removal. This was achieved even under adverse conditions, in an
outdoor area in a wet coastal environment, at a lower application density than NMTS. During
this study it was noted that AMTS did not adhere as well to painted surfaces as NMTS,
especially when it was freshly made. It is thus suggested that the paste formulation for AMTS be
adjusted to account for differences in density due to hydrogen production in cases where it is to
be used on vertical surfaces. A denser treatment paste may yield better results without the need
to wait before application.
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In this trial, a two-step process of PCB sorption by NMTS and subsequent dechlorination proved
to be the most effective method of treatment. The NMTS reduced PCB concentrations in the
painted metal door from 57.80±7.67 mg/kg to 5.49±1.67 mg/kg and in the painted concrete wall
from 10.20±1.02 mg/kg to 1.18±0.12 mg/kg over the course of five days, averaging 89.5%
removal. All of the Aroclor 1254 thus extracted was dechlorinated in one day of treatment by
addition of magnesium and acidified ethanol in the laboratory. In this case, the dechlorination
took place off-site, but this process could be performed on-site on a moderate scale in the
presence of trained personnel. This would obviate the need for expensive and hazardous shipping
of contaminated material. Successive sorption treatments could remove all of the PCBs in the
contaminated material, making the paint safe for mechanical stripping and disposal, and the
building could be re-painted and remain in use.

Related Work: AMTS and NMTS Treatment of Soils and Sludges

Direct Treatment of Soils

The ability of AMTS to draw PCBs out of painted surfaces and dechlorinate them raised the
question of whether they would also be capable of removing them from porous materials. Soils
and sludges are common among PCB-contaminated materials, and a treatment system that could
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perhaps be tilled into them would be very attractive. A series of experiments was undertaken to
examine the direct treatment of soil in contact with AMTS.

Soil Characterization

Samples of a PCB-contaminated soil were sent to UCF from a site in upstate New York that is
currently under EPA oversight. The soil was claylike in character, slightly friable, and moist but
not to incipient wetness. Initial extraction into toluene found the soil to be contaminated with an
average of 2962.53±38.50 mg/kg soil of Aroclor 1248 and 34.93±4.69 mg/kg of Aroclor 1260
for a total PCB concentration of 2997.46±38.79 mg/kg. Table 6 shows the size distribution of
soil particles. The soil was thoroughly air-dried before use, and the void volume of the soil was
calculated to be approximately 35% of total soil volume.

Table 6: Grain size distribution of soil samples from New York.

Soil Grain Size
Above 75 microns
45-75 microns
25-45 microns
20-25 microns
Below 20 microns

Weight Percentage
79.2 %
15.7%
5.1%
0
0

PCB Dechlorination in Soil Using AMTS

In order to test the viability of AMTS as an amendment for soils, batches of soil were mixed with
AMTS and sampled at varying treatment times. The total PCB concentration in the soil was
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calculated and is presented in Figure 25. Measurements with error bars were conducted in

Total PCB Concentration (mg/kg soil)

duplicate; measurements without error bars reflect loss of a duplicate sample during cleanup.

Total PCB Concentration in 20 g Soil
With Varying Volumes of Added
AMTS
6000
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0
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4

14

Treatment Time (Days)

Figure 25: Total PCB concentration in 20 g of soil with different volumes of AMTS over time.

It can be seen that most of the dechlorination activity takes place during the first four days of
treatment, similar to results seen in the field study with paints. The addition of 5 mL of AMTS in
20 g of soil was not effective in dechlorinating PCBs, but the use of 10 mL yielded 53.6%
dechlorination of Aroclor 1254, and the use of 20 mL yielded 75.7% dechlorination. The
baseline concentration of PCBs in the soil was seen to vary with the amount of AMTS added.
Even if it is assumed that the standard deviations on the 10 mL and 20 mL AMTS baseline
measurements were high, there would still likely be a difference between these starting
concentrations. This called into question the extraction process that was being used for removal
of PCBs from this soil, and attempts were made to elucidate this effect.
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A study was conducted in which 1 g of dry soil was combined with NMTS or liquid components
of NMTS that were suspected of playing a role in this enhanced ability to extract PCBs. Results
of this study are shown in Figure 26. The first two bars (in purple) represent soil ultrasonically
extracted into 10 mL of a solvent, while the remaining bars (in blue) represent soil combined
with treatment paste or the amount of a paste component that would be present in that amount of
treatment paste and then extracted into 10 mL of toluene. It can be seen from this figure that
ethanol was the most effective extraction solvent for this material, followed closely by the
sodium polyacrylate NMTS (Na-NMTS) that was used in the previous study and toluene. The
different sorbent materials used in Na-NMTS and PowderSorb NMTS (PS-NMTS) did not cause
statistically significant differences in PCB extraction. It is possible that prolonged contact with or
contact with an excess of either type of NMTS paste would result in an extraction efficiency
similar to that of ethanol alone, as the treatment pastes consist of over 50% ethanol. In this study
the abbreviations Na-NMTS and PS-NMTS are used to differentiate between the two non-metal
treatment pastes, but if no prefix is specified, sodium polyacrylate was used in the formulation of
all treatment pastes presented in this work.

84

Total PCB Concentration (mg/kg soil)
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Figure 26: Ultrasonic extraction of dry soil in solvents and in presence of NMTS components.

Effect of Water on Dechlorination in Soils

All of the previously discussed studies were conducted on soil that had been air-dried. As
received and on-site, the soil was slightly damp. In order to determine the applicability of AMTS
systems as a direct soil amendment, the tolerance of the dechlorination reaction for water within
the soil was tested. Soil samples were dried and then supplemented with water to attain the
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desired percentage of void volume filling. The extent of PCB dechlorination in soil over seven
days of treatment with AMTS was seen to fall from 68.9% to 15.4% as the void volume of soil
was filled from zero to 30 percent, which would be approximately 10.5% of total soil volume
(Figure 27). The water sensitivity of the dechlorination reaction did not favor the use of AMTS
as a direct soil amendment, so treatment methods were sought that would mitigate the water
tolerance problem.

Figure 27: PCB concentration in soil after 7 days of treatment as a function of void volume filling with water.
Percentage degradation over 7 days is indicated above the bars.
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Extraction and Dechlorination of PCBs from soil with Ethanol

Soil was ultrasonically extracted into ethanol and the ethanol was dechlorinated with magnesium
and glacial acetic acid. To provide a comparison, ethanol was spiked with a similar concentration
of Aroclors 1248 and 1260 and dechlorinated for the same time period. Concentrations and
percent dechlorination are given in Table 7. A comparable extent of dechlorination was seen in
the soil extract and the spiked ethanol, implying that solvent extraction may be an avenue for
PCB removal from soils.

Table 7: PCB concentrations and percent dechlorination after 3.5 hours in spiked ethanol and soil extract.

Sample ID
Spiked ethanol 0hr
Spiked ethanol 3.5hr
Soil ethanol extract 0hr
Soil ethanol extract 3.5hr

Total PCB Conc. (mg/L)
307.55
167.51
433.23
248.75

Percent Dechlorination
45.54
42.58

Treatment of Sludges Through Polyethylene Membranes

The decision was made to mimic the conditions of PCB sorption and degradation from the paint
field studies in sludge, using a polyethylene (PE) membrane to separate the NMTS or AMTS
from the sludge and prevent the entry of water into the treatment paste. Studies in the literature
have shown that PCBs will sorb from the water phase into PE,66 and it was theorized that if the
PCBs were capable of entering the PE, they could be drawn through and sorbed and/or
dechlorinated by treatment system pastes.
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Characterization of Sludge

Samples of sludge were sent to UCF from a waste treatment site in Virginia. Both of the two
roughly one-gallon plastic containers of sludge, designated A and B, were found to be
contaminated with Aroclor 1248. When ultrasonically extracted into toluene, PCB concentrations
of 1006.86±31.40 mg/kg and 1733.43±157.07 mg/kg were found in sludges A and B
respectively. However, when ultrasonically extracted into ethanol, these concentrations were
found to be much higher. Treatment studies were performed using Sludge A, which showed an
Aroclor 1248 concentration of 3219.80±485.20 mg/kg when extracted into ethanol.

Treatment Through PE Membrane with PVC Enclosure

Both AMTS and NMTS treatment pastes were enclosed within PE membranes supported within
PVC pipes constructed with cut-out windows to allow contact between the PE and the sludge.
The purpose of the PVC was to provide structural integrity. The sorption of PCBs into
polyethylene from aqueous media has been shown in the literature to exceed sorption into PVC,
especially in the case of less highly chlorinated congeners.78 NMTS was used to test sorption,
and an AMTS paste made up using granular magnesium with turnings (Gr-AMTS) was used to
test sorption and dechlorination. While smaller metal particles are traditionally considered to be
more reactive,49, 82 a larger metal particle might be able to resist complete oxidation for longer
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periods of time. Additionally, the granular magnesium was both less expensive and less
hazardous to ship and use in scaled-up projects. Four enclosures were made in total, two
containing NMTS and two containing Gr-AMTS. The enclosures were sunk into a bucket of
sludge as shown in Figure 28.

Figure 28: Enclosure bearing Gr-AMTS (left); enclosures immersed in sludge (right). Note “puffing” of GrAMTS enclosure due to continued hydrogen production.

When the sludge near the enclosures was sampled, the concentration was found to decrease over
time. In this case, the use of the PE membrane for protection from water seems to have slowed
and extended the sorption process, as the majority of sorption near the NMTS took place
between weeks two and three. The concentration of PCBs in the sludge near the Gr-AMTS was
also still falling between two and three weeks, contrary to what was previously seen in paint
(Figure 29).
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Figure 29: Aroclor 1248 concentration in the sludge next to the treatment enclosures.

When the treatment paste itself was sampled, similar trends were seen as had been noticed in the
paint field study, albeit stretched over a longer time period (Figure 30). The NMTS continued to
sorb PCBs throughout the study. The Gr-AMTS, on the other hand, exhibited comparable
sorption to the NMTS in the first week, predominating dechlorination processes as the
concentration fell from the first to the second week, and then predominating sorption processes
as the concentration rose between the second and third weeks. The combination of the PE barrier
and the larger particle size was seen to be an effective means of prolonging Gr-AMTS activity.
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Figure 30: Aroclor 1248 concentration in paste removed from the enclosures.

Comparison of NMTS, AMTS, and Gr-AMTS Treatment Pastes Through a PE Barrier

A study was conducted using sealed PE packets of different treatment pastes inside of small jars
of a formulated sludge spiked with PCB 151, in order to provide a more controlled environment
for PCB sorption and dechlorination. NMTS, AMTS, and Gr-AMTS were compared against
each other. The concentration of PCB 151 in the sludge is shown in Figure 31.
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PCB 151 Concentration in Sediment Over Time
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Figure 31: PCB 151 concentration in formulated sludge during contact with different treatment pastes.

NMTS and AMTS were seen to be comparably effective at PCB removal in this application, and
Gr-AMTS slightly less so. The baseline PCB concentration of the sludge is shown across the
entire graph as a basis for comparison. It appears that for all treatment systems, the primary
removal of PCBs occurred during the first week. This may be a function of the small size of the
sorbent packets relative to the total amount of sludge in the jars.
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PCB 151 Concentration in Paste Over Time
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Figure 32: PCB 151 concentration in paste from sorbent packets over treatment time.

The NMTS paste was seen to sorb the highest concentration of PCB 151 throughout the
experiment, as was expected from previous results. A comparison of the three treatment paste
concentrations is seen in Figure 32. Also as expected, the AMTS had the lowest concentration of
PCB 151 despite showing a similar level of PCB removal from sediments, most likely due to
simultaneous dechlorination. The Gr-AMTS showed a slightly higher concentration remaining in
the paste, which together with the elevated PCB 151 concentrations in the Gr-AMTS sediment
samples implies that less sorption and degradation of PCBs is occurring in these samples.
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The concentration of PCB 151 in the PE membrane was also measured, and was found to be
highest in the case of the Gr-AMTS and AMTS (Figure 33). NMTS showed lower
concentrations, possibly due to PCB mass transfer through the membrane and into the treatment
paste itself. However, the actual masses of PE used were much lower than those of the paint or
the paste, so sorption into the plastic still accounts for a smaller actual retention of PCBs than
extraction to the treatment paste.
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Figure 33: Concentration of PCB 151 in polyethylene packet material over treatment time.
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Conclusions on Treatment Pastes for Soils and Sludges

The use of a PE membrane to protect treatment system pastes from water was seen to have some
promise for in situ applications, although it is unlikely to compete with the efficiency of ex situ
methods. Further optimization of the system and choice of deployment conditions must be done
in order to make this a competitive product, but there are few in situ options available. The focus
of this project could be broadened in the future to include different types of sludges (oil-based,
water treatment, et cetera) and sediments. Treatment with a PE-enclosed system might prove
difficult in soils because their water content is not high enough to facilitate mass transfer,
possibly confining sorption effects to a smaller area.

The use of AMTS as a direct soil amendment was shown to be a difficult proposition because of
the sensitivity of the dechlorination reaction to water. However, information gleaned during
these experiments was useful in determining further directions for the treatment of soils,
including solvent extraction with ethanol.

End of Chapter Remarks

Non-metal and activated metal treatment systems were shown to be effective at removing PCBs
from paint and somewhat effective at removing PCBs from sludges and dry soils. The first field
application of AMTS on-site was carried out and seen to be almost 65% effective as a one-step
process for extraction and dechlorination of PCBs from painted surfaces. The usage of NMTS in
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a two-step system of on-site extraction and off-site dechlorination was seen to be 89.5 %
effective. Both processes are capable of bringing PCB concentrations to below the EPA action
limit and can be used without the need for structure demolition or dismantling. For samples that
are not brought below that limit during the first treatment, application of a second treatment
could be investigated. Further optimization of the AMTS formulation could help to improve its
efficiency.
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CHAPTER FIVE: OPTIMIZATION OF A SOLVENT EXTRACTION AND
DECHLORINATION PROCESS FOR PCB-CONTAMINATED SOILS

Introduction

As previously discussed, solvent extraction of soils has become a process of interest for soils that
have been or will be excavated and would otherwise be incinerated or landfilled.35, 37 However, it
necessarily involves the production of a contaminated waste stream, so it must be partnered with
secondary techniques that are capable of dechlorinating or otherwise degrading the PCBs once
they have been extracted. Previous work presented in this document (Chapter Four) has
established that ethanol is capable of extracting PCBs from soils, and that the ethanol extract
from those soils can be dechlorinated using magnesium and glacial acetic acid. Further work was
needed in order to establish the best conditions for this process and whether larger scale
operations would be feasible. Special attention was paid to making the process cost-effective and
environmentally friendly.

Methods

This section describes methods that pertain to the experiments conducted in this chapter. General
methods common to multiple chapters are discussed in Chapter Two.
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Formulation and Spiking of Soil

Soil was formulated in a similar fashion to the sludge from Chapter Four, following procedures
from the Organization for Economic Co-Operation and Development (OECD) Guideline 218.81
Paver sand was dried and 10.00 g was weighed out onto a watchglass. It was then spiked with 4
mg of PCB 47, 5 mg of PCB 101, and 2.5 mg of PCB 182 and allowed to dry. During this time,
50 g of peat moss was ground in a blender, then ultrasonically extracted for 60 minutes into 500
mL of deionized water to create a suspension. The pH of the suspension was adjusted to 6 with
calcium carbonate and then put on a reciprocating shaker table overnight. The next day, 740 g of
dry clean paver sand, the 10.00 g of dry spiked paver sand, and 200 g of kaolinite were mixed
together. The peat moss suspension was then poured in and thoroughly mixed by hand. The
resulting mixture was spread out in a metal pan and allowed to air dry.

PCB Extraction and Dechlorination with Reuse of Solvent

Soil was ultrasonically extracted with ethanol or a 50/50 volume mixture of ethanol and ethyl
lactate as described in Chapter Two. Amounts were increased to 30.00 g of soil in 300 mL of
solvent, and extraction was performed in a mason jar. The soil was then vacuum filtered off of
the solvent using a Whatman No. 41 filter paper. Two 5 mL aliquots of solvent were removed for
analysis (see Chapter Two, extraction of PCBs from hydrophilic solvents) and the volume of the
remainder was measured. For dechlorination of PCBs, the amounts of magnesium and glacial
acetic acid needed to attain a ratio of 4.95 mL of solvent to 0.25 g of magnesium and 50 µL of
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glacial acetic acid were calculated, and these were combined with the remaining solvent inside of
a new mason jar. The jar was placed on a Cole-Parmer 51703 Series reciprocating shaker table
for 24 hours. The next day, the contents of the jar were vacuum filtered. Two 5 mL aliquots of
solvent were removed for analysis and the volume of the remainder was measured. The amount
of soil needed to attain a ratio of 1.00 g of soil to 10 mL of solvent was calculated, and this soil
and the remaining solvent were combined in a new mason jar and ultrasonically extracted. The
soil was again vacuum filtered off and two aliquots of solvent analyzed as before. A second
dechlorination process and a third extraction were carried out by the same methods. Before the
third dechlorination, the remaining solvent was split into two batches of equal volume. One of
the batches was dechlorinated exactly as before, with no pH amendment. The other batch was
adjusted to pH 6 with additional glacial acetic acid added before dechlorination.

Reuse of Magnesium for Repeated PCB Dechlorinations

Soil was ultrasonically extracted into into ethanol or a 50/50 volume mixture of ethanol and ethyl
lactate as described in Chapter Two. Amounts were increased to 20.00 g of soil in 200 mL of
solvent, and extraction was performed in a mason jar. The soil was then vacuum filtered off of
the solvent using a Whatman No. 41 filter paper. Two 5 mL aliquots of solvent were removed for
analysis (see Chapter Two, extraction of PCBs from hydrophilic solvents) and the remainder of
the solvent was reserved. This soil extract would be used throughout all subsequent phases of the
experiment. Into two 20 mL glass screw-top vials with PTFE-lined caps was weighed out 0.25 g
each of ball-milled magnesium powder. To this was added 4.95 mL of soil extract and 50 µL of
99

glacial acetic acid. Into a 4 oz quilted glass jam jar was weighed 1.00 g of ball-milled
magnesium powder , to which was added 19.80 mL of soil extract and 200 µL of glacial acetic
acid, in order to produce enough used magnesium for further studies. The jar and vials were
allowed to shake on a shaker table for 24 hours. The next day, the contents of the two vials were
extracted into 5 mL of toluene and analyzed as described in Chapter 2. The contents of the jar
were vacuum filtered and the magnesium was allowed to dry. Aliquots of solvent from the jar
batch were also extracted into toluene and analyzed to make sure that they did not deviate from
the rest of the results. The dechlorination procedure was then repeated in the same fashion, with
the exception that the larger batch then contained 0.50 g of magnesium, 9.90 mL of soil extract,
and 100 µL of glacial acetic acid. For comparison, the dechlorination of PCBs and reuse of
magnesium was also conducted using ethanol spiked with roughly the same amounts of PCBs as
the soil extract, and also using granular magnesium with turnings instead of ball-milled
magnesium.

After the second dechlorination using the ball-milled magnesium in soil extract, the remaining
magnesium was collected and divided into three portions. The first portion was not washed. The
second portion was washed with absolute ethanol over a filter paper. The third portion was
washed with 1% acidified ethanol over a filter paper. Each of these portions was then split into
duplicate vials containing 0.125 g of magnesium, 2.475 mL of soil extract, and 25 µL of glacial
acetic acid. These were allowed to shake on a reciprocating shaker table overnight and then
extracted and analyzed as per Chapter Two.
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Magnesium Particle Surface Analysis

Magnesium particles were analyzed by scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS). Both unused ball-milled magnesium particles and ball-milled
magnesium particles that had been used in PCB dechlorination were imaged. Atom percentages
of the elements within both pitted and smooth areas of the used particle surface were found using
EDS. Imaging was accomplished using a JEOL JSM-7500F scanning electron microscope
coupled with a Thermo NORAN System Six energy dispersive X-ray spectrometer.

Optimization of Solvent Extraction and Dechlorination Process for PCBs in Soils

A series of experiments was carried out in order to determine whether a combined solvent
extraction and dechlorination treatment for PCBs from soils was viable, and if so, how it could
be optimized. The objectives of this research were to select an appropriate extraction solvent,
determine the compatibility of the solvent with dechlorination conditions using magnesium and
glacial acetic acid, examine the possibility for enhanced process sustainability through reuse of
either magnesium or solvent, and investigate what is happening to the magnesium particle
surface. Studies were conducted using extracts from formulated soil with three PCB congeners.
Some proof of concept studies were conducted using PCB 151, which has previously been
shown to be a good single congener mimic for the dechlorination behavior of Aroclors.61
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Soil Properties and PCB Congeners Used

The soil used was formulated to have 5% organic content 20% clay, making it a better mimic of
natural soils than pure sand while still allowing increased homogeneity over natural soils. The
soil was spiked to 4 mg/kg PCB 47, 5 mg/kg PCB 101, and 2.5 mg/kg PCB 182 for a total of
11.5 mg/kg PCBs. These three congeners were chosen because they represent a span of
homologues and polarities without being non-ortho-substituted dioxin-like PCBs. The structures
of the congeners used are shown in Figure 34.

Figure 34: Structures of three PCB congeners used in spiked soil studies.

Selection of Extraction Solvent

Previous research at UCF established absolute ethanol as the solvent of choice for PCB
dechlorination with magnesium and glacial acetic acid.61 It was also discovered during work with
natural soils that ethanol was a better extraction solvent for PCBs from some soils than those
recommended by the EPA (see Chapter Four). Therefore, ethanol was a strong candidate for a
combined extraction and dechlorination process. Ethyl lactate has some recent history of use in
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soil washing procedures. It has been shown to be capable of removing copper from soils,83 and
has also been shown to be capable of desorption and degradation of polycyclic aromatic
hydrocarbons from soils as part of a cosolvent system with ethanol.84 Both ethanol and ethyl
lactate are considered “green”. They come from renewable sources and are biodegradable by
organisms, non-carcinogenic, non-corrosive, and relatively inexpensive. The extraction
capabilities of ethanol, ethyl lactate, and a 50/50 volume mixture of ethanol and ethyl lactate for
PCBs in the spiked formulated soil was examined, with toluene and hexane (used in EPA method
3550C) as comparisons (Figure 35).
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Figure 35: Percent extraction of PCBs from spiked soil by different solvents.

It can be seen that ethanol and the ethanol/ethyl lacate cosolvent mixture were the most effective
in extracting PCBs, and were not statistically different from each other for this purpose.
Hydrophobic solvents show better PCB solubility, but they are unable to access PCBs in waterfilled pore spaces deep within the soil.34 Extraction levels of the three different congeners in the
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soil relative to each other were not seen to vary with solvent, so percent extraction of total PCB
is presented here. The 105% extraction seen here for ethanol is due to a slight (4-5%)
concentrating effect of the subsequent extraction of the PCBs from ethanol into toluene for
analysis via GC-ECD. This is normally accounted for by use of an appropriately treated
calibration curve, but for purposes of this experiment all concentrations were compared to a
calibration curve in toluene. Gentle shaking of the soil with ethanol on a reciprocating shaker
table for one day did not produce the same level of extraction as ultrasonic treatment, but it was
capable of extracting over 80% of the PCBs from the soil. This bodes well for scale-up
processes, which would most likely involve mechanical mixing. Alternatively but at higher
expense, an ultrasonic immersion probe could be inserted into large batches of soil in solvent.

Tolerance of PCB Dechlorination Reaction for Ethyl Lactate

In order to determine the suitability of an ethanol/ethyl lactate cosolvent system for
dechlorination of PCBs, the tolerance of the dechlorination reaction for ethyl lactate had to be
determined. A single congener stock solution added to the solvent was used for this purpose. As
seen in Figure 36, the extent of PCB 151 dechlorination with magnesium and glacial acetic acid
over four hours was seen to remain over 97% at ethyl lactate volume percentages of up to 75%,
after which reactivity fall off abruptly. A repeat study was conducted using a longer treatment
time, which indicated that PCB 151 dechlorination after one day was 97.03±0.29% when 80%
ethyl lactate in ethanol was used, but fell to just 11.58±1.03% when 90% ethyl lactate in ethanol
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was used. These studies demonstrated that a 50/50 cosolvent mixture would have adequate
reactivity over a one day dechlorination time period.

PCB 151 Dechlorination in Four Hours
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Figure 36: Percent dechlorination of PCB 151 over four hours of treatment with magnesium and glacial
acetic acid in ethanol with varying percentages of ethyl lactate.

Reuse of Solvent for PCB Extraction and Dechlorination

In order to decrease costs and increase environmental friendliness of this combined process,
studies were conducted using the same solvent repeatedly for extraction of PCBs from spiked
formulated soil and dechlorination of those PCBs. The results of these studies are summarized in
Tables 8 and 9.
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Table 8: Total PCB concentration in solvent per kg of soil extracted and percent of original spiked soil PCB
concentration (11.5 mg/kg), over consecutive extractions.

Sample

Average Total PCBs
(mg/kg soil extracted)
11.75
11.60
23.07
15.12
21.19
24.75

Extraction 1 Ethanol
Extraction 1 Ethanol/Ethyl Lactate
Extraction 2 Ethanol
Extraction 2 Ethyl Lactate
Extraction 3 Ethanol
Extraction 3 Ethanol/Ethyl Lactate

Standard
Deviation
0.23
1.64
0.59
0.78
0.20
0.47

Percent
Extraction
102.17
100.87
200.61
131.48
184.26
215.22

Table 9: Total PCB concentration in solvent per kg of soil after dechlorination for one day and percent of
PCBs dechlorinated from the extract.

Sample

Average Total PCBs
(mg/kg soil extracted)

Standard
Deviation

Dechlorination 1 Ethanol

1.13

0.00

Percent
Dechlorination from
Extract
90.37

Dechlorination 1 Ethanol/Ethyl
Lactate
Dechlorination 2 Ethanol

0.89

0.17

92.29

16.68

4.17

27.70

Dechlorination 2 Ethyl Lactate

6.10

0.21

59.66

Dechlorination 3 Ethanol pH 9

16.93

0.38

20.10

Dechlorination 3 Ethanol/Ethyl
Lactate pH 9
Dechlorination 3 Ethanol pH 6

13.46

1.25

45.59

16.80

0.21

20.73

Dechlorination 3 Ethanol/Ethyl
Lactate pH 6

11.24

*

54.60

* No duplicate

Table 8 reflects the total PCB concentration in the soil extract at a given point, which is a total of
PCBs extracted and PCBs still present after one day of dechlorination with magnesium and
acidified ethanol. When the concentration of PCBs still present from the previous dechlorination
step is subtracted, there is still a difference between the original spiked soil concentration and the
concentration calculated from the extract. As seen in Figure 37, the PCB concentration after
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extraction but before dechlorination did not remain constant throughout the experiment. For the
second and third extractions, the numbers in the figure represent the concentration of PCBs in the
solvent after extraction minus any PCBs that had been left in the solvent from the previous
dechlorination step. It is possible that solvent evaporation during the vacuum filtration process
may have concentrated the PCBs remaining in the extract. At the same time, the leftover PCBs
may have affected extraction efficiency. As consecutive extraction and dechlorination processes
were conducted there was no color change, but increasing turbidity was noted in both solvents
and was most apparent in the ethanol-only extract. It is possible that organic materials such as
humic acids extracted from the soil by ethanol interfere with dechlorination, or that magnesium
ethoxide formed during the dechlorination of PCBs was blocking the magnesium surface.

Total PCB Concentration (mg/kg soil)

PCBs Extracted from Soil
25
20
15
Ethanol

10

Ethanol/Ethyl Lactate
5
0
1

2

3

Extraction Number

Figure 37: Total concentration of PCBs extracted from soil over repeated extractions.
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The extent of PCB dechlorination was seen to fall sharply after the first dechlorination treatment.
The pH of the soil extract prior to any dechlorination was approximately 6, and after
dechlorination it rose to 9 and remained constant. It was thought that this affected the ability of
the solvent to donate the protons necessary for PCB reductive dechlorination, so on the third
dechlorination trial with the same solvents one set was amended to pH 6 while the other
remained at pH 9. As seen in Figure 38, amendment at this late stage was only marginally
effective. Attention was then turned towards the reuse of the magnesium particles in order to
elucidate what was happening within the system.

Percent Dechlorination of PCBs During
Solvent Reuse
Percent PCB Dechlorination

120
100

90.3792.29

80
59.66

60

54.60
45.59

40

27.70

Ethanol
Ethanol/Ethyl Lactate

20.10

20.73

20
0
1

2

3 (pH 9)

3 (pH 6)

Dechlorination Number

Figure 38: Percent dechlorination of PCBs from soil extract during reuse of solvent.
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Reuse of Magnesium for PCB Dechlorination of Soil Extracts

Another direction to be examined was the reuse of the magnesium from the dechlorination
process. Since the magnesium particles are not completely consumed during the process and it
has been established that magnesium to solvent ratios as low as 0.10 g to 5 mL are effective at
producing fast dechlorination kinetics,61 it was reasonable to assume that a second usage could
be had from the same magnesium particles. Ethanol and ethyl lactate cosolvents were examined
and a comparison was made using spiked ethanol to remove the possibility of interferences from
soil materials.

General PCB Dechlorination Behavior

As seen in Figure 39, the extent of dechlorination in the first treatment was greatest in the spiked
ethanol samples (83.8%), followed by the ethanol/ethyl lactate extract samples (70.7%) and then
the ethanol extract samples (64.4%). The second treatment showed comparable results, with only
a 4% decrease in average reduction of PCBs overall. This demonstrated that the magnesium was
still effective at dechlorination of PCBs and implied that the difficulties seen in solvent reuse
were indeed related to the solvent itself. The higher percent degradation seen in the spiked
ethanol may be due to the total absence of water in that system, as any soil extract into a
hydrophilic solvent will carry with it trapped water from the pore spaces of the soil.
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Ball-Milled Magnesium Reuse
Total PCB Concentration (mg/L)

1.6
1.4
1.2
1

Spiked Ethanol

0.8

Soil Ethanol

0.6

Soil Ethanol/Ethyl Lactate

0.4
0.2
0
Extraction

Treatment 1

Treatment 2

Figure 39: Total PCB concentration during reuse of ball-milled magnesium.

A third dechlorination was conducted using the soil extract, glacial acetic acid, and the
magnesium from the second treatment. A comparison was made between unwashed magnesium,
magnesium washed with ethanol, and magnesium washed with 1% acidified ethanol. Washing of
the magnesium with these solvents was seen to have no statistically significant effect on the
extent of PCB dechlorination, which fell to 14.7% for the third treatment. It is possible that
washing with a higher percentage of acid would have better prepared the metal surface, but by
this point, the ball-milled magnesium particles were seen to be heavily oxidized and their
surfaces may have been occluded by magnesium oxides, hydroxides, and/or ethoxides. Granular
magnesium with 51% turnings was used in an identical experiment and shown to have
statistically similar results (Figure 41). The larger magnesium particles can thus be considered a
possibility for scaled up applications due to their lower cost and increased safety of use.
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Granular Magnesium Reuse
Total PCB Concentration (mg/L)

1.8

1.6
1.4
1.2
Spiked Ethanol

1
0.8

Soil Ethanol

0.6

Soil Ethanol/Ethyl Lactate

0.4
0.2
0
Extraction

Treatment 1 Treatment 2

Figure 41: Total PCB concentration during reuse of granular magnesium.

Dechlorination Behavior of Individual Congeners

The behavior of individual congeners during dechlorination was seen to follow the same trends
for both ball-milled and granular magnesium reuse. Figure 42 shows the concentrations of
individual congeners in the extract prior to dechlorination using granular magnesium and after
the first and second dechlorination treatments. Reductive processes show preferential
dechlorination of more highly chlorinated congeners,49 which was corroborated here as the
remaining concentration of PCB 182 was consistently less than or equal to that of PCB 101,
which was consistently less than that of PCB 47. In the case of the ethanol extract from soil, it
appears that PCB 47 was not dechlorinated in the second treatment. However, given the
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congeners’ structures (Figure 34) and the fact that ortho chlorine substituents are the most
difficult to remove, followed by meta and para,50 it is possible that PCB 47 or a similar congener
that co-elutes with PCB 47 was being formed during degradation of PCBs 101 and 182. The use
of the cosolvent system was seen to mitigate this problem, and dechlorination of PCB 47 did
occur in the second treatment (Figure 43).

Reuse of Granular Mg with Ethanol
Extract
PCB Concentration (mg/L)

1.4
1.2
1

PCB 47

0.8

PCB 101

0.6

PCB 182

0.4

Total PCB

0.2
0
Extraction

Treatment 1

Treatment 2

Figure 42: Dechlorination of individual PCB congeners from ethanol soil extract during reuse of granular
magnesium particles.
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Reuse of Granular Mg with
Ethanol/Ethyl Lactate Extract
PCB Concentration (mg/L)

1.4
1.2
1

PCB 47

0.8

PCB 101

0.6

PCB 182

0.4

Total PCB

0.2
0
Extraction

Treatment 1

Treatment 2

Figure 43: Dechlorination of individual PCB congeners from ethanol soil extract (top) and ethanol/ethyl
lactate cosolvent soil extract (bottom) during reuse of granular magnesium particles.

Analysis of Magnesium Particle Surface

Scanning electron microscopy (SEM) was performed on samples of unused ball-milled
magnesium particles and on ball-milled magnesium particles after their use in PCB
dechlorination in an ethanol soil extract (Figure 44). The SEM images of the unused particles
show a solid, rough surface. After use in dechlorination, some of the particles are unchanged and
others show heavy pitting and corrosion due to oxidation of the magnesium during PCB
reductive dechlorination. These particles also exhibit smooth areas of aggregated material, and
the particles themselves are more highly aggregated with one another when seen across several
samples.
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Figure 44: SEM images of ball-milled magnesium particles before use (A) and after use (B).

This smooth material is theorized to be a combination of magnesium ethoxides and magnesium
hydroxides, both Mg(OH)2 and Mg(OH)(OCH2CH3). Magnesium ethoxide is most likely formed
during the dechlorination of PCBs. The magnesium metal is oxidized and the ethanol in the
solvent donates its protons to the PCB, leaving behind Mg2+ and ethoxide ions in solution.
Magnesium ethoxide itself should be soluble in ethanol. However, some amount of water is able
to enter the system both atmospherically and from water trapped deep within pore spaces in the
soil. Magnesium alkoxides have been shown to decompose to a combination of Mg(OH)2 and
Mg(OH)(OR) in the presence of water, where (OR)- represents the alkoxide ion.85 Magnesium
hydroxide is poorly soluble in both water and alcohols, and as such it is a possible source for
both the smooth material on the magnesium particles and the turbidity noted during reuse of
solvents.
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Energy Dispersive Spectroscopy

Energy dispersive spectroscopy (EDS) was used to help elucidate the identity of the smooth
material. Atom percentages of carbon, oxygen, and magnesium were obtained for both pitted and
smooth areas of used magnesium particles (Table 10). EDS does not quantify hydrogen, so atom
percentages of hydrogen could not be obtained.

Table 10: Atom percentages of different elements found in pitted and smooth areas of used Mg particles.

Sample
Pitted area
Smooth area

Atom % C
0
29.61±1.20

Atom % O
8.41±0.39
56.67±0.37

Atom % Mg
92.19±0.42
13.72±0.09

The pitted area showed primarily a clean magnesium surface, with a small amount of magnesium
oxide or hydroxide. No alkoxides were present in this area, as evidenced by the lack of carbon in
the analysis. In the smooth area, a different distribution of elements was present. Oxygen and
carbon predominated over magnesium, indicating that the magnesium that was present was
heavily oxidized, and that hydroxides and some amount of alkoxides could be present. While not
a conclusive measurement, this does suggest that magnesium hydroxide formation due to water
may be a factor in difficulties surrounding reuse of solvents or magnesium for dechlorination
processes. It is possible that the addition of large percentages of an ethyl lactate cosolvent
improves solvent reusability by providing an alternative pathway for trace water. Water is used
in the hydrolysis of ethyl lactate, which produces lactic acid and more ethanol. Since the
magnesium is added after extraction of PCBs from soil, there would be less water available to
hydrolyze the magnesium ethoxide.
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End of Chapter Remarks

A two-step process of solvent extraction and PCB dechlorination has been shown to be effective
for treatment of PCBs in a formulated soil. This process does not require the addition of further
ethanol to the extraction solvent in order to achieve dechlorination, and the reaction takes place
in air, under mild conditions. It is possible to use shaking methods rather than ultrasonic
extraction in order to transfer PCBs from soil into ethanol. Larger magnesium particles can be
used in order to conduct these processes on a larger scale, and magnesium particles can be reused
at least once with only a 4% decrease in percent dechlorination, both making the process more
cost-effective. Difficulties in reuse of solvent have been attributed to the formation of
magnesium hydroxides during dechlorination due to the presence of water. It is impractical to
remove all traces of water from the soil, so filtering the soil extract through a water-selective
material such as molecular sieves prior to dechlorination may improve the ability to reuse the
solvent and/or magnesium. When coupled with bioremediation or bioaugmentation processes in
order to degrade the residual solvent remaining in the soil, this two-step process could provide a
method for remediation of PCB-contaminated soils that then allows the soil to be returned to the
environment.
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CHAPTER SIX: CONCLUSIONS

Over three decades after their manufacture was banned, polychlorinated biphenyls continue to
present a hazard to human health and the environment. Their chemical and thermal stability
means that they persist not only in materials intentionally supplemented with PCBs such as oils
and paints, but also in those that have become contaminated due to spillage or leaching, such as
soils. Remedial treatments that are effective in one medium are often unable to be directly
implemented in the treatment of others. This work focused on the adaptation of a PCB reductive
dechlorination treatment using magnesium, glacial acetic acid, and ethanol for use with a variety
of different PCB-contaminated materials.61 By tailoring the treatment plan to suit specific
applications, it was possible to achieve not only removal but dechlorination of PCBs from
machine oils, paints, sludges, and soils while still meeting the requirements set by particular field
sites.

A treatment plan was devised for the remediation of Aroclor 1260-contaminated machine oil
from a field site in Japan using a three-step process of PCB sorption to a solid-phase extraction
column, desorption from the column into a solvent, and dechlorination using magnesium and
acidified ethanol. One key concern of personnel at the field site was that the equipment to be
treated would not be dismantled. The original contaminated oil had been drained from the
machines and disposed of, but new clean oil added into the machines had become contaminated
as it came into contact with PCBs from oil trapped in crevices and between moving parts.
Sorption of PCBs from the oil to an extraction column was a suitable removal method because it
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allowed the oil to be recirculated through the machine, and the machine could be run through a
duty cycle in order to ensure adequate contact between the oil and the inner surfaces without
having to first drain an extraction solvent and then refill with oil. Super activated alumina was
chosen from among a variety of chromatographic materials as the optimum sorbent for this
application. Hexane was chosen as the desorption solvent because of its high PCB solubility,
lack of contribution to alumina deactivation, and compatibility with the existing magnesium and
acidified ethanol dechlorination system. This adsorption and desorption process plays a key role
in concentrating the PCB contamination. Large quantities of machine oil with relatively low PCB
concentrations but exceeding the Japanese PCB action limit for oils can be circulated through the
column until it has been saturated with PCBs. Once breakthrough is achieved, the PCBs can be
desorbed from the column into a minimum amount of hexane. The hexane can then be combined
with magnesium and acidified ethanol in a 1:1 ratio for dechlorination of the PCBs, which is
completed within one day. This minimizes the volume of the solvent waste stream, making the
process more sustainable and economical. A treatment plan was developed for use at the field
site in question, and could easily be adapted for use at other sites.

In order to adapt the magnesium and acidified ethanol technology to treatment of PCBcontaminated paint, a treatment paste had previously been devised that contained a paint softener
and bulking and viscosity management agents that allowed the paste to stick to a vertical surface.
This was key to allowing the treatment system to be used without demolition or dismantling of
the painted structure. Two options were compared in a field test in Washington state. AMTS
treatment paste containing magnesium and acidified ethanol was found to be capable of
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removing an average of 64.8% of PCBs from paint in one step, although some PCBs remained in
the paste after removal. NMTS was seen to be even more effective at PCB extraction from the
surface, removing an average of 89.5% of PCBs. The NMTS was then activated with magnesium
and additional acidified ethanol, leading to complete dechlorination of Aroclor 1254 in the paste
over the course of one day. This difference is most likely due to the amount of treatment paste
that was applied to the surface in each case, as the pastes were applied by volume and the AMTS
is less dense than the NMTS. These levels of effectiveness were experienced at an outdoor site
exposed to rainy weather, which may also have interfered with the effectiveness of the AMTS, as
the magnesium and acidified ethanol PCB dechlorination process is not very water-tolerant.
Larger-scale studies could be carried out using a spray-on sealant for better moisture protection.
Dechlorination of PCBs from NMTS could also be conducted on site by trained personnel.
Treatment was seen to weaken the matrix of the paint, but if PCB concentrations are below the
action limit then the softened paint could be stripped and disposed of in an appropriately
permitted non-TSCA landfill, leaving the structure intact.

The use of AMTS and NMTS on soils and sludges was also examined. Effectiveness of soil
treatment with AMTS was seen to be extremely dependent on the moisture content of the soil
and was thus not pursued extensively. A preliminary study at this point did show that PCBs
could be degraded from an ethanol extract of soil, setting the stage for later experiments. In the
case of sludges, a polyethylene barrier was used to isolate NMTS and AMTS treatment pastes
from the water in the sludge. Larger magnesium particles were also tested for use in the activated
treatment paste, and the combination of the PE membrane and the larger particle size was seen to
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extend the duration of Gr-AMTS activity from a matter of days (as was the case for the AMTS
applied to paint) to a matter of weeks. The PE barrier was seen to contain PCBs, but the small
amount of material in the thin membrane meant that effects on PCB sorption behavior by the
treatment pastes were minimal. In this application, NMTS and Gr-AMTS showed the same
capability for PCB removal from the sludge immediately surrounding the membrane-enclosed
paste, bringing Aroclor 1248 concentrations from approximately 3200 mg/kg to 1000 mg/kg
within three weeks. Further testing and modeling of PCB transport within sludge in contact with
treatment pastes could determine the “reach” of PCB removal within the sludge to allow this
technique to be optimized for use on a larger scale.

Building upon the finding that PCBs could be dechlorinated from a soil ethanol extract, a twostep treatment system was devised in which PCBs were extracted from contaminated soil using a
solvent and then dechlorinated by addition of magnesium and acidified ethanol to the extraction
solvent. The use of ethanol and 50% ethanol, 50% ethyl lactate cosolvent systems for these
processes were examined in depth. The use of a solvent compatible with dechlorination
conditions minimized PCB contamination in the waste stream. The sustainability of the process
was further optimized by reuse of the magnesium particles from the dechlorination step. Both
ball-milled and granular magnesium particles could be used a second time with a 4% decrease in
percent dechlorination. When the extraction solvent was reused, percent dechlorination fell from
over 90% for both solvents to 20.10% for ethanol extracts and 45.59% for cosolvent extracts,
with increasing turbidity noted especially in ethanol extracts. An examination of the particle
surface was conducted to elucidate this phenomenon. Scanning electron microscopy of used
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magnesium particles showed pitted areas that were demonstrated by EDS to contain primarily
magnesium, and smooth areas containing 13.72% magnesium and larger percentages of oxygen
and carbon. This is consistent with both the production of magnesium ethoxide that is thought to
take place as a byproduct of the PCB reductive dechlorination process and the subsequent
hydrolysis of magnesium ethoxide to magnesium hydroxide by any water present in the solution
or the atmosphere. Since samples examined by SEM-EDS were kept in air, it is expected that
magnesium ethoxide on the surface will have decomposed to magnesium hydroxide. It is
theorized that the reaction of water from the soil pores with the ethyl lactate from the cosolvent
system prior to dechlorination of PCBs in cosolvent extracts lowers the amount of trace water
remaining in the system at the start of dechlorination, allowing it to proceed to a greater extent.
This would become more noticeable as the cosolvent was reused for subsequent extractions, as
pore water is released from the soil into the cosolvent during each extraction. It would also
require a relatively high starting percentage of ethyl lactate in order for the reaction to proceed to
products.

The work presented here demonstrates the versatility of the magnesium and acidified ethanol
reductive dechlorination process for PCBs and provides a sampling of applications in which it
can be utilized. It also examines ways in which the limitations of the system, mostly based on the
intolerance of the degradation reaction for water, can be mitigated. The requirements of specific
field sites to leave buildings and equipment intact were met, and cost, safety, and sustainability
were considered wherever possible in order to improve the viability of the system. Adaptation of
the treatment system to different situations rather than confining its use to favorable conditions
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allowed it to be used successfully for removal and dechlorination of PCBs from a wide variety of
PCB-contaminated media.
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